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ABSTRACT
T (5T 7/
Studies of several models of lunar composition indicate that a

“period of intense volcanic activity with sudden onset and approximately
exponential decline is entirely likely. A mechanism for sudden genera-
tion of magma is proposed on the basis of the thermal properties of a
basalt-dunite mixture., Factors controlling the migration of magma
through a dike, the formation of magma chambers and the deysition of

/
latile speci th o fa di d, 7
vo e species on the moon’s surface are discusse «'V-‘vt/ ,/;4\\

11

Futhwe B Xistle Ine,

-

oo -

ey

P,



s Wi emensy P A OB

FOREWARD

ABSTRACT
1. INTRODUCTION

2. MAGMA GENERATTON
2.1 DEVELOPMENT OF THE MODEL

2.11 Density and Composition
2.111 Density and Pressure
2.112 Composition of Earth's Upper Mantle

2.113 Assumed Composition for the Moon
2.12 Heat Sources
2.121 1Isotope Ratios in Terrestrial Rocks
and Meteorites

2.122 1Isotope Ratios in Tektites
2.123 Heat Production in Model

2.13 Melting Behavior

2.131 The Melting Curve of Pyrolite-1:3 at
Atmospheric Pressure

2.132 The Effect of Pressure on the Melting
: Curve

2.133 The Effect of Aqueous Atmospheres on
the Melting Curve

2.134 Behavior Pattern Indicated for the Model
2.14 Heat of Fusion

2.141 Heat of Fusion at Low Pressures

2.142 The Effects of Pressure on the Heat of
Fusion

2.143 Heat of Fusion for the Model
2.15 Specific Heats
2.16 Thermal Conductivity-

2.161 Phonon Conductivity

1i1

Arthur D Wittle, Ine,

o o1 S

11

12
13
14

18

19
26
34
35
36
38
40
41
42
43
46




2.162 Heat Conduction by Free Electrons or

Holes 49
2,163 Photon Conduction 50
2.164 Thermal Conductivity of the Model 59
2.17 Standard Model Parameters 60
2.2 MAGMA GENERATION ON THE MOON 62
2.21 Role of Volcanism in Thermal History 62
2.22 Volcanic Parameters 66
2.23 The Onset of Volcanism 71
2.24 Duration of Volcanism 75
2.25 Computer Simulation of Volcanic History and
Crust Formation 77
2.3 SUMMARY OF MAGMA GENERATION INVESTIGATION 79
3. MAGMA MIGRATION 84
3.1 EXPULSION OF MAGMA FROM PRIMARY MAGMA CHAMBER 84
3.2 MAGMA MIGRATION THROUGH DIKES 86
3.21 Factors Influencing Migration Through Dikes 87
3.22 The Influence of Viscosity on the Migration )
of Basalt Magmas 93
3.221 Viscosity as a Function of Temperature 93
3.222 Viscosity as a Function of Pressure 96
3.223 The Effect of Diesolved Volatiles on
Viscosity 98
3.23 Comparison of Predicted Dike Widths with
Field Evidence 99
3.24 Termination of Migration by Exsolution of
Volatiles 100

3.3 COMPARISON OF TERRESTRIAL AND LUNAR MAGMA MIGRATION 102

4. MAGMA CRYSTALLIZATION 103

iv

Avthur B.%itile, Pnc,

" pay KN

:‘-m i

Y

,~.. ,«
Aty R R s B

frrretion PR
" Iy,

LS e

u.....
Y

i

i

R e & e



. .

’&Mm’

aratfy [T 2 ) P R
O LSl N

¢

=

s Lo

4.1 TINTRUSIVE CRYSTALLIZATION 103
4.2 COOLING OF EXTRUSIVES 104
4.3 VOLCANIC ELECTRICITY 105
4.4 CONCLUSION REGARDING MAGMA CRYSTALLIZATION 107
5. BEHAVIOR OF VOLATILES AT THE SURFACE 109
5.1 COMPONENTS WHICH ARE VOLATILE AT LOWER TEMPERATURES 109
5.11 Properties of Ice at Low Temperatures 110
5.12 The Clathrate Gas Hydrates 111
5.2 SUBSTANCES WHICH VAPORIZE AT LAVA TEMPERATURES 114
5.21 Evaporation from Lava Fountains, Pools and

Flows 114
5.22 Vaporization in Phreatic Eruptions 119
5.23 Vapor Deposition on the Moon 122
5.3 AEROSOL STUDIES OF .HE SURTSEY VOLCANOS 127
5.31 The Sampling Program 127
5.32 Analysis of Collected Particulates 129

5.4 CONCLUSIONS ABOUT THE BEHAVIOR OF VOLATILES ESCAPING
FROM LUNAR MAGMAS 129
6. SUMMARY AND CONCLUSIONS 132
REFERENCES 135

v
Arthur D Aittle, Ine.




Figure No.
2.11-1

2.12-1

2.13-5
2- 13-6

2.15-1
2.16~1

2. 16-2
2.16-3 -

2. 21-1

20 21-2

s v PR G e v

LIST OF FIGURES

Page
Comparison of pressures at various depths
in the moon, earth, and undersea. 7
Relationship between concentration of uranium
in basalt and concentration in pyrolite as a
function of basalt to dunite ratio. 17
Melting curves for selected phase systems. 20
"Q" values calculated from phase die~. ua 25
The diopside-forsterite-albitre~ancrthite
system. 27
Predicted melting curves for pyrclite-1:3
at selected pressures. 28
Melting temperatures as 2 + nccion of pressure
for various minerals and  _.s. 30
Fractional melting behavisr oif pyrolite-1:3
as a function of temperatur= ard pressure. 37
Specific heats as a function of temperature. &
Thermal conductivity of olivine. “
Computed photon mean free paths as a function
of temperature. 5%
Computed thermal conductivities as a function
of temperature. 54
Present temperature distribution in moon of
standard composition, with constant thermal
conduct.vity 2 x 10”2 vatts/cm °K, for
different conditionms. 64
Comparison of concentration of basaltic
fraction under mixing assumption with computed
thickness of basaltic crust, for Model 43. 65
vi
QArthur D, Little, Yur.

P

-~ R P
s [ Y] B il

S R

v LR A R < — A - (R

e O = o



[ Amnbore feastCeday m‘) i«w Ewﬂ: =T < ) .

- U = R — B~

- s

Figure No.
2.21-3

2.21-4

2.22-1

2.23-1

2.23-2

2.25-1

2.25-2

2.25-3

3.1-1

3.1-2

30 21-1

3.22-1

Present temperature distributien in moon

of standard composition with constant thermal
conductivity 5.5 x 1072 watts/cn °K for the
same conditions shown in Figure 2-21-1.

Comparison of concentration of basaitic
fraction under mixing assumption with computed
thickness of basaltic crust, for Model 47.

Significant times in the volcanic history of
a planet.

Rate of heat production ner gram of presently
contained uranium for material with
terrestrial isotope ratios.

Total energy released per gram of presently
contained uranium for material which was formed
4.5 x 10° years ago with terrestrial isotope
ratios.

Begimning of volcanic activity as a function
of uranium concentration and photon mean free
path at 273°K.

Rate of accumulation of volcauic rocks as a
function of time for different photon mean
free paths and basalt to dunite ratios.

Integrated thickness of igneous rocks as a
function of basalt to dunite ratio and photon
mean free path at 273°K for moon with
standard parameters.

Stages in the generation and relzase of magma
from primary chamber.

Postulated pressure variations within primary
magma chamber during generation and release
of magma.

Model for csimple dike propagation theory.

Viscosity of basalt as a function of
temperature.

vii

Arthur D.Little, Ine,

67

68

70

73

74

78

80

81

85

85
88

97

e -

R - 4
03
S

H
£
3
%Jg{
1
i




v

5.12-1

5.12-2

5.21-1

5.21-2 .

50 21-3 -

5. 21‘4

5.23-1

50 23‘2

5.23-3

Ztth_ur D itite, Inc.

Page

Vapor pressure as a function of temperature

for SO, HpS and their hydrates — compared

with hexagonal ice. 112

Yapor pressure as a function of temperature

for CH,, COz and their hydrates. 113

View of the new ilsland Surtsey with cloud of

dark smoke above lava fountain. 115

Vapor pressures of likely components of magmas. 117

Evaporation rates of likely éomponents of

magmas, 118

Photomi.crograph of condensate formed on cold

surface in air above crucible containing

molten basalt at about 1400°C. 119

Average migration dierance as 2 function of

temperature for various species evaporated from

molten lava. 123

Photomicrograph of thin condensate film formed

on glass held for several minutes in a vacuum

above molten baszlt at about 1200°C. 125
" Transmission electron photomicrograph of that

area of the film shown in Figure 5.23-2 from

which electron diffraction pattern indicating .

crystallinity was obtained. 126

vitg'

Mo  en  ews peey

g\

»

‘e

[T
TR

N we M‘l

et

i
v

L™




vy b

v

e
L ]

RO TI2N
ra—— g

oy
gt

ety

e, e,
\“/ [So— em————

—~——,
o

-

INTRODUCTION

Most present models of the lunai surface rocks assume that they
are similar in composition to terrestrial igneous rocks. While there
is considerable controversy as to whether the surface morphology is
predominantly @ result of volcanic activity or meteorite impacts, most
students of lunar geology are willing to accept both types of activity
tc some extent. Because of the relative importance of volcanic terrain
from the point of view of natural resources as well as from a scientific
point of view, it is important that the Apollo astronauts be aple to
recognize, and be prepared to cope with, any volcanic rocks which they
might encounter.

The diversity of igneous rocks on the earth illustrates the pro-
found effect that relatively small changes in environment may have.
Under lunar corditions of reduced gravity, high vacuum, and different
thermal conditions it has been suggested that the properties of the
rocks may be so unique that their igneous origin may be unreccgnizable
to an astronaut trained in terrestrial geology. In addition to the
problem of recognition, the morphology and texture of the lunar rocks
may be of such & character as to present engineering and mobility
problems. Highly reactive volatiles emitted from volcanos on the moon's
surface and t;apped in perpetuzlly shaded areas may present a hazard if
accidently unfrozen.

In order tc be able to anticipate and plan against these unknown
variables, it is necessary to establish a coherent quantitative theory
of ignecus activity which may be tested on the earth and then extrapolatea
to the moon. This report presents the resulte of a program in which
we have tried to develop such a theory for some of the better known
aspects of igneous activity.

Our approach to the study has been to subdivide each of the three
major problems of generation, migration, and crystallization into smaller
well-defined partial problems which are more susceptible to theoretical
treatment. For each pavtial problem we have attempte. to develop &

mathematical model whose degree of sophistication is consistent with

Zvthur ﬂ.littlr.linr.
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available experimental and/or field data, or data which may be obtained
in later studies. We have tried, wherever possible, to present our
models in such a way, that as data improves, modifications may bLe easily
made with as mincr effects as possitle on the value of the study.

The models include dimensional analysis, algebraic expression, and
simulation by means of digital computers. While the numerical models
frequently represent gross over-simplifications of the processes taking
place in nature, they have usually made it possible to arrive at a
more quantitative understanding of many of the fgneous features observed
on earth. Where there is direct evidence that one of the factors con-
trolling a particular phenomennn differs significantly on the moon from
that observed on the earth, we have tried to determine how the phenomenon
itself will differ. Where there is no clear evidence how controlling
factors would differ, we have chosen to assume that they are ideatical.
Where there appears to be insufficient experimental data available to
construct a satisfactory model we have tried to indicate this.

As the study progressed, it became apparent that there was a much
widexr variety of volcanic features which were potentially susceptible
to quantitative analysis than we had initially suspected, and we found
it necessary to concentrate on a few of the more important ones. In
general, we believe that enough understanding of the processes of
generation and intrusion has been gained to predict_a number of aspects
of their nature on the moon; however, much experimentul and theorecical
work appears to be required before one can make such a claim about

extrugion.
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2. MAGMA GENERATION

Generziticn of magma is one of maay poessible events in the evolutionary
history of any planetary body. This history (barring astronomical accidents)
is essentially detesrmiuel by four sets of initial conditions:

mass,

distribution of elements,
distribution of heat sources,
initial temperature distribution.

These conditions are not independent. Mass depends on the density
which is a function of composition. Distribution of hzat sources depends
on minor percentages of radioactive elements. The initial temperature
distribution is probably related to all the above as well as the mechanism
of formation.

If the planet consists of more than one material phase there wiil be
a nutural tendancy towards attasining the lowest possible gravitational
potential energy by bringing denser materials closer to the center and
allowing the lighter ones to move away. By far the most effective mechanism
for this differentiation is by flow of one of the phases, as a fluid cr magme.

The basic problem then, is one of determining the thermal history of
the planet and then seeing how magma generation is related to this thermal

history. _ ; .

In order to compare magma generation on the moon with generation on
tha earth we have tried first to determine what processes taking place in ?
the upper mantle of the earth would be consistent wirh terrestrial igneous ; &
activ.ty and then to estimate how these processes would be caanged by the ig;
lunar enviromment. To make the comparison one must define magma generation ;?
in terms which are both geologically and mathematically meaningful. A ' gi?

suitable geological definition might be: partially melting enough mantle
material that some or all of it is potentially able to migrate upward.

A; this definition is too complex for our initial studies, in this chapter
we shall assume that partial melting and magma generation are gynonymous
and that any melt generated will move to the surface resulting in diverse

events which we shall collectively call volcanism.

Aethur D.Wittle Ine,
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2.1 DEVELOPMENT OF THE MODEL

Modeis for the thermal history of planetary bodies are becoming in-
creasingly sophisticatea. Fourier (1822) derived an analytic expression
for cne cooling of a uniform initially hot earth. Jacobs (1956) investigated
the thermal history of a layered earth with different distributions of

radioactive elements and constant temperature-independent thermal conductivity.

Lubimova (1958) considered the effects of radiati—e transfer on the earth's
thermal nistory using an analog computer. MacDonald (1959, 1962) used a
finite difference technique to investigate the thermal history of the earth
and the moon taking into account the effects of radiative transfer. Using
chondritic ratios of the heat producing isotopes, a variety of initial con-
ditions and heat source distributions were simulated. Fricker and Reynolds
(1965) have extended MacDonald's approach- by considering the heat of fusion
and trying to simulate the effects of convection in a molten layer.

To investigate the interaction between volcanism and the thermal history
of the moon, we have extended MacDonald's apnroach in a different dicection
by developing a computer program which simul.tes a plametary body with the
following characteristics:

» (1) The body consists of two phases each with a distinct density.
(2) The first phase has a discrete melting temperature, inde-
pendent of the amount of second phase present, which is a known linear
function of pressure. The melting temperature of the other éhase is very
much greater than that of the first.
(3) The heat of fusion of the first phase 1s independent of
pressure and of the concentration of the second phase.
(4) The specific heats of both phases are the same and are
~ independent of temperature and pressure. . B
(5) The thermal conductivity of both phases are the same known
temperature cependent functions of conductivity, index of refraction, and
photon mean free path at & reference temperature.
(6) The ratios 6f heat. producing radicactive isotopes axe those
of terrestrial rocks and these isotopes may be either entirely localized

- in the low melting phase or .equally distributed between the two phases.

Avthur D Nitle o,
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(7) Any melt produced moves rapidly to the surface maintaining

a constant temperature and the unmelted material moves downward to replace it.

This model obviously represents only a first approximation of the actual
properties of the moon cr of any other small planetary body yet with it it
is possible to demonstrate many of the most significant features of the
role of volcanism in planetary evolution. Only when these more significant
features have been determined will increasing the complexity of the model
be justifiable. The following sections are concerned with the estimation
of the appropriate input data to be used in the computer simulation.

2.11 Density and Composition

2.111 Density and Pressure

The mean density of the moon is 3.34. If the temperature, elastic

constants and coefficient of thermal expansion were known the density at

atmospheric pressure could be computed. Fortunately, the effects of pressure

and temperature to some extent offset one another and the pressures are low

enough (about 45 kilobars at the center of the moon) that if the moon were

composed primarily of silicates similar to those found in the earth's mantle

no large pressure induced density changes would be expected. As. the moon's

mean density is very close to that observed in the earth's oceanic mantle

at depths of about 30 km (Anderson, 1964) and the density is highly sensitive

to minor changes in iron content, we see no reason to discard a terrestrial

mantle composition on the basis of density alone. As the melting temperature

is a function of pressure it is important to determine the variation of the
pressure with depth. Fortunately, the pressure is relatively insensitive

to minor changes in density due to compressibility and thermal expansion.

As therxe is no apriori reason for assuming a differentiated moon, as a first

approximatior. we shall assume it has a uniform density. Using this assumptio..,

hydrostatic pressures have been calculated by Lowman (1963) and others. In
terms of the mass m and the radius a the pressure p of a spherical

planet is given by

N

¢

oW
o, |8

(1 - gf_) ' (2.11-1)
a

Where r 1is the distance from the center and G 1is the gravitational

constant 6.673 x 10-8 cm3 gm'l sec-z.
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For the earth we have adopted densities from Anderson's (1964)
model "CITI3F" for the oceanic upper mantle based on Love wave infornation.
From this it is relatively straightfeorward to determine a standard pressure
distribution within the uppermost several hundred kilcmeters of the earth's
mantle by numer'cal integration.

A compatrison of pressures as a function of depth in the moon and
earth calculated from the above expressions are shown in Figure 2.11-1.

2.112 Composition of Earth's upper Mantle

Wnile there is considerable argument about the compositions of
the upper mantlz most theories propose a material lying somewl.ere between
dunite or peridotite and eclogite (high pressure basalt) as proposed by
Lovering (1958) and others. Chondritic models have long been proposed for
the composition of both the earth and the moon. As the moon's density and
the density of the earth's upper mantle are closer to the silicate phase of
chondrite rather than to chondrite as a whole (about 3.6 gm/cm3) the silicate
phase alone is usually considered to correspond most closely to the earth's
upper mantle and to the moon. The average composition of the silicate phase
of 94 chondrites from Uiey and Craig (1953) 1s shown as Model (1) in Table
2.11-1. With more refined studies the chondrite model of the earth has had
to be modified in some respects, esspecially the ratios of the minor elements
such as K/U and Fe/Mg.

Ringwood>(1959) has presented rather convincing arguments for ad-
justing the FeO/MgO ratio from 1/2 to 1/5, reducing the Si0, content slightly,
and making the other minor modifications tc obtain a material more consis-
tent with existing evidence for the earth's upper mantle (Model 2). He has
pointed out the similarity of this material to a mixture of one part basalt
(average between tholeiite and alkali basalts) to three parts dunite (Model 3).
Ringwood has called this mixture pyrolite and used it to present a qualitative
explanation of differentiation within the earth's mantle. -

Avthur D, Little Ine.
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TABLE 2.11-1

(1) (2) (3)
Urey and Craig (1953}* Ringwood (1959) Green and Ringwood (1963)
Silicate Phase of 94 Chondrites Modified Chondrite Pyrolite
510 47,86 44,69 43,06
Mz0 30.00 39.08 39.32
FeO 15.067 7.81 8.15
Al50= 3.14 4.09 3.99
Ca0 2.45 3.19 2.55
Naz0 0.88 1.14 0.61
Other 2.66

* Neglecting minor constitueats,

Thus we may say that to a first approximation the silicate phase of a
chondrite and "pyrolite" represent a composition intermediate between
dunite and eclogite.

A normative mineral assemblage for this pyrolite, calculated
using the C.I.P.W. method (Johannsen, 1939), is shown in Table 2.11-II.

This provides an aporoximate guide to the distribution of the axides among
the various minerals but does not necessarily represent the equilibrium
mineral assemblage at any depth in the mantle of the earth or in the moon.

As it is difficult to determine the exact ratio of basalt to dunite
which is most appropriate for the mantle we shall call the pyrolite composi-
tion discussed above "pyrolite-1:3", with the numbers representing the ratio
of basalt to dunite. i

Among the more significant features of the Ringwood model is that
it is approximately chondritic yet is able to produce a basalt magma of
approximately the composition and normative mineral assemblage shown in
Table 2.11-III, upon partial melting (Green and Ringwood, 1963). After
melting and removal of the basalt melt a residue of peridotite or dunite
would be left behind.

2.113 "Assumed Composition for the Moon

Because of the lack of direct experimental evidence proposed
models of the moon's composition have not been refined as extensively as

the models for the earth's uppe: mantle. There is, however, no evidence

Avthue D.Uittle Ine.

Fraemy gy sy

"

[l

™



I o T
: o o R < ) I

00°04 6% L €Ty (A4 8L°L Ly IT°1 90°1 gy 1e32uI 3O % IY3TaM
L00° L00°0 85°0 €01l
A 10°0 12°0 0°H
9000°0 80°0 Sf4a
100°0 €1°0 U
200G°0 20°0 000
S00°0 6€°0 OIN
200° 200°0 rA M1 £0°1)
200" 200°0 rAAd) V2|
600" 600°0 19°0 ofeN
610° 820" 1%0°0 €9°2 (1]:50)
820" 600" zo0o0° 6£0°0 66°¢€ PV
010" 01C°0 99°1 €023
0L0° 900" 100° 010° L00° zo0° 260°0 99°9 0°4
868" L90° 810° £€86°0 Z€°6€ 08K
H8h” €L0° 8€0" 950" £50° z10° Lil"0 90°¢Y €018
ELSTN auay3ls E S @313°u 9ITYI 93IqIV EL ) EFY3 EFR T *TOKW % *IM IPIXQO

-110 -1a9dly -doIqQ -3eR -I0UuYy * -oy3lxQ -uawlL ~-01y)d

AOVIGRASSY TVYANIN FAILVWION €:1-3LITO¥Ad
II-11°¢ 214Vl

[N ey - Frr———. et e e~

[T PN

Avthue D Wittle, Ine.

#t



STty 8 M T e

W SE———

SSSS W T ————— U Sp—_— T ey - ey v R

ot aor. [ e [ReSS———' et

82°L 9%°IT %€°0C "% 85°SC 7%°0¢ 00°S 'y 9°0 TBX2UTH 3O % 243TaM

620" 620° £€€°C 1) 41

9%0° €8° o°H

200" z00° 1€’ So%4

€00° 61° OuK

600° 600" 88" 0°3

6€0° 6€0° £v°C 0°eN

160° 260° 900° 681° 85°01 0®d

260" 6€C" 600° oy1- ST 07TV

610° 610° 20°€ £€0%a3

€€0° 0€0° 620" 610° , 62y° €21 68°8 024

LS0° SL0° S90° L61° 98°¢ 08K

S%0° Sor* Z81" 81" V1 XA $50° S08° 0€°8Y 03 £

AUTA uay3is 9pTs ERy +#E1 3T4L ITIQIV 98BTO T 93113 ‘IO % *3IM IAPIXQ.
-110 -13dAy -do1q -8ep  -aouy -oy3110 ~UdmWl -edy

IOVIAWISSY TVUINIR JAILVIMON LTVSVE TAdOW

III-TI1°C 318Vl

e e I

QAvthur D.Wittle, Ine,

10

"

) s
o e, 0

=

g

g

B 3



- —————— —————

that to a first approximation the moon is significantly different from

the upper mantle and we shall therefore assume they are the same until this

W ——_

assumption leads to conclusions which are in contradiction to direct obser-

vations. No such contradictions have yet appeared, If tektites cowe from the

Soasmarmg!

moon, their K/U ratios, discussed below in conjunction with heat sources, would

tend to point toward the similarity of the upper mantle compcsition and the moon.

. i
pre——

The assumption cf equality between upper mantle and muon does not
of course remove all the compositional difficulties but it does make it possi-

ble, using the additional assumption of a mantle whose compos!tion may be

ogare oo

approximated by a mixtuz< of dunite and basalt to try to find a mixture whicl
will be thermally and volcanologically consistent with terrestrial cbservatioms.

2.12 Heat Sources

; For material of bulk density p and concentrations Ci(t) of n

CL elements A, which decay to B, with decay constar“s A, liberating amount of

i i i
. heat Qi per gram in the process, the rate of heat production per unit volume
% q(t, at time t is n
= " - -
B a(t) g;i Qi)\ici(to)exp[Zi(t:o t)]. (2.12-1)

It is normally assumed that the only isotopes producing enough

. heat and withh long enough half life to have significantly influenced the
thermal history of the earth and moon are U238, U235, Th232, and K&O_

The reactions involved (neglecting intermediate steps) are (Jacobs, Russell
and Wilsot., 1959):

238

proe

i

N
(=]
=
~

& U Pb + 8He + 4P };
{ v 5w 4 met 4 g Y
32 5 % 4 et + 4 é.@i
1 Kao+ec - AAO + Y + X-ray § i
L or K40 - Ca40 + B

Additional shorter lived isotopes may have been important in the

early thermal history of the planet but they have not yet been satisfactorily

studied. The main effect of these sources will be to raise the cemperature

at the time of formation,

We may then male up a table (see for example MacDonald, 1959) for

&

v

%

A

1

Pl

R

4 A
\‘$

.

the longer lived isotopes.

n m f;—-d bty
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TABLE 2.12-I

Isotope 4238 o235 232 40
Half-life (10° years) 4.51 713 13.9 1.25
2 10718 gect 4.87  30.80 1.58  17.57
Heat production

QX ergs/gm/sec 0.94 5.7 0.26 0.298

Thus the uranium heat production per cubic centimeter of rock is

qg®) = pCy(t){ 0.9332exp[4.87x10" 3¢t -t)]
+o.oaoazexp[3.09x1o’17(co-t)]} (2.12-2)
The heat production from thorium is

-18 .
th(t) = pCU(tO){(CTh/CU)O.ZGexp[l.Sleo (to-t)]] (2:12-3)
Similarly for potasgsium we obtain

WD) = pGy(EIIE 4ofc) Cc fo)
0.298exp[1.76x16™"" (¢ _-t)1) (2.12-4)

2.121 1Isotope Ratlios in Terrestrial Rocks and Metzorites

G- 17

Wihile the absolute concentrstions of the different radioactive
isotopes vary significantly within cthe earth and meteorites, the ratios
relative to tctal uranium are much more constant (Wasserburg et al, 1964).
As a result of essentially identical chemical behavior of the uranium
isotopes their retios within exposed terrestrial rocks and meteorites do
not vary significantly from

238 - 9928 u

v’ = o071 v
(Handbook of Chemistry and Physics, 1962).

B-cause cf congsiderable chemical similarity uranium and thorium

wotal

total

tend to movertogether; thorium to uranium ratics in terrestrial igneous

rocks do not vary much_from 4.'7Mncbona1d (19%4) has chosen the ratio
Th/U = 3.7 ’

as being the most representative of terrsstrial rocks. While there are

not enough good determinations of the Th/U ratio for meteorites to provide

a reliable estimate (Wasserburg et al, 1964), a value in the neighborhood

of 4 1s nct inconsistent with most dats available for chendrites (MacDonald, 1959).
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The ratio of the potassium isotopes do not vary significantly
from

K*0 . 1.1ex107% &

total

but there is increasing evidence that the K/U ratio may be considerably
different in chondrites than it is in the earth. After examining the
available evidence Wasserburg et al (1964) conclude that the ratio of K/U
of chondrit:s is close to 8x104 while for igneous rocks exposed to the
carth’s surface it averages around 1x104. Becauge of the chemical dis-
similarity of X and U there is no obvious theoretical reason that the two
should maintain a constant ratio. Nevertheless the observed values of the
K/U ratio on the earth are sufficiently constant that it seems appropriate
to follow the lead of Wasserburg et al (1964) and MacDonald (1964) and
choose the ratio for our model composition 1.0x104.

2.122 Isotope Ratios in Tektites

Some additional justification for selecting the above ratios for

our mcdel may be cbtained by considering the chemical composition of tektites.

TABLE 2.12-I

ELEMENT RATIOS IN TEKTITES - - Data compiled by Chao (1963)

K20 K i} Th K/U Th/U
wt % wt % ppm ppm
Moldavites 3.06  2.52  2.05 (4)* 15.4 (1)* 1.22x10%  7.50
Javanites ) 2.20 1.82 2.1 (2) 9.6 .87x10% 460
Billitonites) ‘
Philippinites 2.31  1.92  2.13 (3) .90
Indochinites 2,40 1.99 2.23 (4) .89
Australites 2.20 1.83 2.03 (4) 10.8 (2) .90 5.32
North America 2.13  1.77 1.55 (2) 4.0 (1 1.14
Ivory Coast 1.53 1.27 1.1 (1) 1.15 2.58
' 1.87 1.88 9.95 1.01x10® 5.9
Mean (K/U) = 1.01x10°
Mean K/Mean U = .995x104

Mean Th/Mean U 5.3

*Numbers in parentheses are number of analyses reported.
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Chao (1963) has assembled chemical analyses of a large number of tektites.
From these analyses it is possible to make a crude estimate of the Th/U
and K/U ratio for different types of tektites (Table 2.12-I).

- While there is relatively little information on the thorium values
the mean Th/U ratio seems to be of the order of 5.0. This ratio is not
gignificantly different from that derived from the few analyses assembled
by MacDonald (1959), or from the values for terrescrial rocks, especially
the basalts reported by Wasserburg et al. (1964), and is subject to the
game limitations of reliability.

If we look at the mean K/U ratio estimated from Chao's tektite
data we see it is remarkably constant and very close to 1.0x104; this is
the same as that chosen by Wasserburg as being the most representative of
terrestrial rocks. While this ratio may b~ interpreted as evideunce for
the terrestrial origin of tektites, if we are to accept the many arguments
for the moon as their source, then the K/U ratio of those lunar surface
rocks represented by tektites would be consistent with the valuss selected
for our model. -

2,123 Heat Production in Model

From the sbove arguments it appears that the ratios chosen by
Wesserburg et al. for the composition of the minor, heat producing components
earth’s mantle are not inconsiscent with our present knowledge of the
composition of the moon and it is appropriate to adopt them for our model.
The selected concentrations in terms of the total uranium content of the

model are summarized in Table 2.12-II.

TABLE 2.12-I1

Isotcpe Concentration Basis for Estimate Reference
U238 .99.8 Utotal ferrestrial abundances ¢))
U235 .0071 UtOtaI Terrestrial abundances e
T - 3.7 Utotal Eetimated averag terrestrial (2)
: gbhundances (not inconsistent with

present chondrite and tektite data) (3}, (4)
KAO -~ 119 Btotal KAO/Ktotal; KtotaI/Utotal
x40 1.19x10°% k¥°t8l rerrestrial abundances (1)
KtOCaI ’ lxloa‘UtOtal Estimated avg. terrestrial abundances (2)

14

Qethur B Wittie, e,

T T i LI



§ «yupnimene.

References:
(1) Handbook of Chemistry and Paysics (1962)
(2) Wasserburg et al. (1964)
(3) MacDonald (1959)
(4) This repert, calculated from Chao (1963)
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In terms of the uranium concentration in grams/gram the total power

| oot v

supplied in watts per cubic centimeter is then giveu by

i q(t) = q;+qy +aqp

’ - oCU(ta)x10-7{0.9332exp[4.87x10-18(t°-t)]

’i +o.04047exp[3.08x10‘17(to-t)] (2.12-5)
1: + 0.962exp[1.58x10‘18(c°-:)]

+ o.355exp[1.87x10'17(t0-t)]]

...,.‘
L——J

Since we have fixed the ratios of all the heat producing isotopes
in the model relative to the total uranium content ve may now discuss any
single component, and include, by implication, the combined amounts of

uranium, thorium and potassium.

o e
D Cnd

It remains to delect the uranium concentration in the basalt and

in the model planet. Although MacDonald (1959, 1964) has shown that z

P
(S

measurement of the present heat flow does not provide adequate constraints

to uniquely determine both the concentration and vertical distribution of

P

heat sources within a planet one can seek a distribution which is consistent

vith an iritialy uniform mantle differentiated thrnugh igneous activity alone.
& Engel and Engel, (1964) have presented strong evidence for low

potassium (and hence low uranium) tholeiites being by far the largest con-

stituent of the basalcic crust in the deep oceans. As tholeiites average

—
v

less than .2 per cent K if we assume that they have the normal K/U ratio of
. about 104 then iie uranium concentratior is less than .2 ppm. Uranium con-
l} centrations in dunites sampled at the earth's surface are normally very low.
Tilton and Reed (1963) have presented analyces of five ultramafic rocks:
three olivine nodules and two dunites. The mean uranium concentrations
observed were 0.006 ppm, and the highest reported was 0.015 ppm (in a

dunite from St. Paul's Rock). All these values are an order of magnitude
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below the reported concentrations in low-uranium tholeiitic basalts and
thus, in the simple approximation represented by our model, the assumption
of all the heat sourcesg localized in the low melting phase seems to be
justified.

Only the ratio of basalt to dunite in the mixture remains to be
ectimated before proceeding with the calcrlations of the thermal history.
One way to <alculate the ratioc is to determine what uranium content of the
mixture is consistent with observed heat flow. Present terrestrial heat

flow averages 6.3:(10’6 watts per square centimeter (Lee, 1963). The area

of an equivalent spherical earth is S.1x1018 cm2 and the mass of the combined

7

crust and mantle is of the order of 4.0x102 gm. {Birch, 1964). 1If we take

the present rate of heat flow as an estimate of the present rate of heat

15

production, the average heat production in the earth is 8.0x10 ~ watts/gzm.

Prom equation (2.12-5) it can be seen that the present rate of

heat production from a rock with terrestrial isotope ratios is about 2.29x1077

watts per gram of uranium present. Thus the uranium concentration in a
mixture producing 8.0x10-15 watts/gm is .035 ppm. Figure 2.12-1 shows the
relationship between concentration of uranium in basalt and the concentra-
ticn of uranium in thke mixture, for a number of basalt to dunite ratios.
The intersection between the 0.035 ppm uranium in the mixture and the 0.2
ppm uranium in basalt lies at a basalt:dunite ratio of .21,

MacDonald (1964) has found that for the "terrestrial" isotope

ratioc observed values of terrestrial heat flow are consistent with uranium

contents between .04 ppm and .05 ppm if the temperature at the time of
formation were 1000°C. A content of .045 ppm corresponds to a basalt
to dunite retio around .30. Thus, mantle compositions estimated from the
heat flow data lie well within the range of Ringwood's models and well
within the accuracy required for our aﬁalyses. |

There is another possible source of error which should be
mentioned. From the phase relationships to be discussed below it is ap-
parent that the alkalis will be concentrated in the first melting material
which; assuming a constant K/U ratio, wiil result in a relative enrichment
of heat producing isotopes in the melt fraction. If part of the basalt is
left behind in the mantle it may be‘depleted in the heat producing isctopes

16
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FIGURE 2.12-1 Relationship between concentration of uranium in
basalt and concentration in pyrolite as a function
of basalt to dunite ratio.
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and the basalt sampled at the surface may be correspondingly enriched in
these isotopes. Calculations basel on the enriched basalt will result in
an underestimate of the amount of basalt originally present. We shall
neglect suzh possible underestimation in our theoretical analysis but if
it were to occur it should not alter the findings of this study because

only the mobile radioactive fraction of the basalt is significant in

volecanism. Evidence that a great error in the estimate of the mcbile fraction

is unlikely may be obtained by comparing the thickness of the "basaltic"
crust under the oceans with the apparent depth of magma sources. McConnell
and McTaggert-Cowan (1963) ha. computed the arithmetic mean of the reported
thicknesses of the crust under the ocean basin floors from 148 seismic re-
fraction profiles as 9.05 km. This would represent the entire basalt content
of about 40 km. of primary mantle material and is not inconsistent with

reported depths of 60 km. for magme sources under Hawaii (Eaton and

: Murata, 1960) and the apparent beginning of .the low velocity zone under

the ocean around this depth (see for example Anderson, 1964).
2.13 HMelting Behavior

To Adetermine the w_iting behavior of the model composition we
nave studied the melting behavior of pyroiite-l:B which is compositionally
equivalent to one part of basalt to three parts of dunite. Should it become
apparent, on the basis of other evidence, that a different ratio is more
appropriate the analysis outlined below can be dodified appropriately,
Nevertheless, we believe that for small changes of this ratio the Important
qualitaéive aspects of the melting behavior will not be appreciably modified.

Recalculation of the composition of the pyrolite-1:3 in terms of
moles/100 grams and mnle percent are shown in Table 2.13-I. We shall first
consider the melting behavior at atmospheric pressure and then estimate how
this behavior is affected by changes in pressure and by the presence of

water and other volatiles,

18
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TABLE 2.13-I

COMPOSITION OF "PYROLITE"-1:3

:, Oxide Wt. % Moles/100 g. Mole %
. 510, 43.06 .718 37.7
, Mgo 39.32 .975 51.3
s FeO 8.15 .113 5.94
A1,0, 3.99 .039 2.05
o Ca0 2.65 047 2.47
) Na,0 0.61 .01 .525
Other 2.66 - -

2.131 The Melting Curve of Pyrolite-1:3 at Atmospheric Pressure

To derive a melting curve for pyrolite from existing phase studies

[y

one must assume that the mineral assemblage to be melted was formed under

equilibrium conditions, where the melting curve is identical to the crystal-

lization curve. As data for six component systems involving the primary

oxides in pyrolite-1:3 are not availab e the system must be further simplified

[y
y

by examining available phase diagrams containing the major constituents MgO

and SiO> plus one or two of the other oxide compoments.

ey ety

From the diagram of the Mg0 Si0--A1,0s system (Levin, et al, 1964, ]
Fig. 712) we can derive the crystallization curve (Figure 2.13-~1) for a ’ o
P mixture of Mg0-5i05-A150s in the same ratio as in pyrolite; in effect we are “ .
then examining the behavior before the addition of the other components.

While the melting point of pure forsterite (Mg-8i0.) is about 2170°K, in

———a

this system precipitation of forsterite commences at 2040°K and continues
until the solution compositiou reaches the enstatite (MgSiOs) boundary at
about 1750°K. From this point on enstatite precipitates while forsterite

v
——etad

redissolves until the ternary eutectic at 1640°K is reached, at which point
a compound 2Mg0.2A1-0s.5510, commences to precipitate along with enstatite

P
ot

VoA R e AT AR okl MEE K1 M L Ty vew T o

until the system becomes completely solid.
The Mg0-Fe0-5i0, system is presented as Figure 682 in Levin, et

=J

al, (1964). Again we may consider a system of the three oxides in the same

proportions as in pyrolite. Both forsterite and enstatite can incbrporate

19
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iron into their lattice structure in place of magnesium and these solid
solutions are indicated on this phase diagram. This behavior makes it more
difficult to completely represent all the necessary phase information on a
single diagram. However, in conjunction with Figure 683 of the same refer-
ence, which presents tie lines at specific temperatures, we can derive a
crystallization curve over the temperature range where the ortho-silicate
(olivine) phase is precipitating. The phase diagram indicates that precipi-
tation commences at about 2040°K and that crystallization fcllowss the path
indicated on our Figure 2.13-1 until about 1820°K when the metasilicate
(pyroxene) phase commences to precipitate. The olivine phase precipitates
‘nitially at about a 1:11 ratio of Fe:Mg. As in t'.e previous system, when
pyroxene commences to precipitate, olivine will redissolve, but if equilibrium
is maintained between the solid and the solution the remaining olivine will
gradually increase its iron content as the liquid coamposition changes along
the olivine-pyroxene boundary line.

A plane from the four component system MgO-Si0-A1503-Nas0 is also
shown in Levin et al. (1964, Figure 855). The three components of the resulting
ternary system are forsterite (MgsSi0,), silica (8i0p), and carnegeite
(Nas0.A1,05.25105). To examine the behavior of this system we will calculate
the quantity of forsterite based on the moles of MgO and FeO in pyrolite,
the moles of carnegeite based on the Al-0s content of pyrolite, and the \
moles of silica based on the moles of $Si0O, in pyrolite remaining after the .
forsterite and carnegeite compositions have been satisfied. This crystalliza- '
tion curve is also shown in our Figure 2.13-1. From the published isotherms
the highest point of the curve which can be determined is 1770°K. Again,
in this case, the olivine precipitates first, pyroxeme precipitation commences
at about 1720°K and continues while olivine redissolves. A ternary eutectic
is reached at about 1370°K at which temperature albite (Nap0.Al20s.651i02)
begins to precipitate and crystallization is completeds’

We believe that the examination of the above three systems provides
a good indication of the general form of the crystallization (or melting)
curve to be expected of pyrolite, The mineral assemblage to be expected in
the earth's mantle, if it is compused of pyrolite, has been discussed in
considerable detail by Ringwood (1962,1963). At low pressures and at
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temperatures near the melting range, such as those discussed above, the
minerals to be expected are olivine, pyroxene, and plagioclase. In all
three systems examined above the olivine precipitates first, followed later
by pyroxene together with re-solution of olivine. In the third system,

the albite, the third solid present at the ternary eutectic, is the low
temperature melting point component of plagioclare. Thus, we believe the
shape and the temperature ranges covered by crystallization curves for
these three component systems provide good evidence of the behavior of the
multi-component system pyrolice.

More detailed consideration of the temperature of initial precipi-
tation in the multi-component system is now required. 1In the first two
systems considered the melting point of forsterite was changed about the
same amount by considerably different quantities of FeO and Al 03. In
addition, iron is incorporated in solid solution in one case whereas
Al0z is not. Some way of estimating the combined effect of the FeO,

Al 0=, Ca0 and Nag0 is therefore needed.
For an ideal solution the liquidus curve near the melting point

of the solute may be calculated from

In X, = _/;_(_1_ ; ;) (2.13-1)
RAIT T
m
vhere X, is the mole fraction of solute

R is the gas constant

£ 1s the heat of fusion

Tm is the melting temperature.
The 1iquidus curve for a non-ideal solution can be fitted with this equation,
to a first approximation, by changing the value of 4. We will attempt to

use an equation of the form

2 .
log(X ngo"‘smg“‘*s) = Q(_% - %) (2.13-2)
m

To estimate the combined -ffect of the various components in our system the
product XZMgO'XSioais an attempt to take into consideration the fact that in
the sniution the chemical potentials y are related by

Heorsterite 2uMgo + H510,° (2.13-3)

22
Avthur D Listle, Ine.

v .

s RE

3.5



[,

[R—— v ——t o

pe—

Table 2.13-I1 shows calculated Q values for various '"binary systems'.
Although Item 5 in the table indicates a very low Q valve for the system
forsterite - albite we find values in systems containing potassium and
lithium listed as Items 6 and 7 which are more in line with other values.
Results for the system listed as Item 8 seems to indicate that the low
value in 5 is no’. due to an interac:icn effect of Ma + Al. Based on these
considerations we choose to adopt a Q value for FeO of 9.4 and an average
Q value of 4.6 for the Nas0, Ca0, Al,0x. From these Q values we can cal-
culate an effective value for the mvlti-component mixture, hased on the
relative mole fractions of the various oxides, to use to estimate the
temperature of initial precipitation in the mixture.

Q .113x9.4 + .087x4.6
.209 .209

=7.

effective

47+ yugh the calculation using this § value suggests that olivine precipita-
. - . will begin at 2050°K in the multi-component system this value is above
the values shown in Figure 2.13~1 as obtained from the ternary systeun,

If we calculate Q values for tue ternary systems we obtain the
results shown in Items 9 and 10 of Table 2,13-II. The Q value obtain-.! for
Mg0-8i0--Fe0 is not as high as that calculated in Itew 3. Figure 2.13-2
shows the data of Table 2.13-I7 in the form of average curves for the
effect of Fe0-Al1.03, and alkali metals on the crystallization temperature.
The variation in the predictad crystallization temperature ranges from
2005 to 2060°K. From a consideration of these data and the previous calcu-
lations it appears that 2040°K *+ 20 would be our besi estimate of the
temperature of initial crystallization of pyrolite,

We should now consider what more is known about the lower end of
the melting curve. In pyrolite basalt would be expected to represent the
low melting fraction. Figure 2.13-1 shows tine ranges observed by Yoder and
Tilley (1962) for the liquidus temperature, the solidus temperature, and
the ternary eutecuvic temperature of several basalts. Yoder and Tilley also
present the results of Kennedy {1948) in Table VIII of their paper. He
reports a point for 707 solid at 1413°K with the first silicate apnearing
at 1470°K. These points are transcribed to Figurs 2.13-1 assuming that
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basalt represents 25 perceat of pyrolite. The temperature at which Yennedy
reported both plagioclase and pyroxene were first present agcees well with
Yoder and Tilley's vesults and is indicated by an arrow om the diazram.

On the basis of these data for basalts the probable crystallization curve
of basalt is drawn on Figure 2.13-1. This curve will uiso represent the
final crystallization behavior to be expected of pyrolite.

Figure 2.13-3 shows a tetrahedron construction for the system
diopside-forsterite-albite-anorthite after Yoder and Tillay (1962) which
can be used to visualize pyrolite crystallization behavior. The pyrolite
composition represents a point within the forsterite phase volume. On
cvoling, the olivine (forsterite) precipitates and the liquid composition
moves toward the diopside-forsterite plane; when this plane is reached
the pyroxene (diopside) commences to precipitate. Tﬁe solution compvsition
then moves along the plane until the line between the diopside-forsterite-
plagioclase volumes is reached at which point plagioclase ccmmences to
precipitate. The liquid composition then moves along this line towards
the albite corner of the tetrahedron with continuously changing composition
of plagioclase until complete crystallization is achieved.

On the basis of all of the information presented above we predict

a melting curve for pyrolite-1:3 at one atmesphere as shown on Figure 2.13-4.

2,132 The effect of Pressure on the Melting Curve

The effect of pressure-on minerals and mineral mixtures leading
to reactions, phase transitions, and changes in melting point is an ac :ive
research area at this time (Boyd, 1964). While the limit of pressur. ex-
plored im most studies of minurals has been about 50 kilobars lower than
that in most of the earth's mantle, it is comparable to the pressure at
the center of the moon.,’

The effect of pressure on the melting points have been determined
for forsterite (Davis and England, 1964), enstatite (Boyd, et al, 1964),
diopside and albite (Boyd and England, 1963). Of the data for forsterite,r
diopside and albite plotted in Figure 2.13-5 only that for forsterite has
an essentially constant slope over the range of study. Davis and England
in discussion of their data on forsterite believe the following qualitative

conclusions can be drawn:
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FIGURE 2.13-3 The diopside-forsterite-altite-anorthite system
(after Yoder and Tilley, 1952).
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"Because dT/GP of forsterite is much smaller than the initial
dT/dP of any other silicate yet determined, eutectics in systcms having
forsterite as a component should shift toward Mg,Si04, with the application
of pressure; however, the approach of most silicate melting curves to
dT/dP = € degrees per kilobar at 30 kilobars should confine this effect
to lower pressures."

Forsterite behavior can be taken as equivalent to that of the olivine phase
of pyrolite while diopside behavior can be taken as equivalent to that of
the pyroxene phase. Thus the above comment of Davis and England, together

with the dT/dP data for forsterite, can be used to indicate the effect of

(2

pressure on the upper portion of our melting curve for pyvrolite.

The affect of pressure on the lower portion of the melting point
curve is more obscure. Yoder and Tilley (1962) have studied the melting
behavior of several basalts and eclogites at pressures up to 40 kilobars;
the melting range and the basalt to eclogite transformation range reported
by them are also indicated on Figure 2.13-5. The slope of the basalt
melting curve in the lower pressure region is much less than that in the
same pressure range observed for albite or diopside. This is surprising
since one would expect the pyroxene and plagioclase components of the
basalt to behave like dlopside and albite. Ringwood (1962) discusges the
experimental knowledge of the effect of pressure on the melting point of
liquidus minira in terms of an entrcpy of mixing effect which would tend
to decrcase the dT/dP siope of the mixture as compared to the slopes for

the pure components. This idea is based on a paper of Newton et al (1962) i

who invoked the entropy of mixing tc explain the ohbserved slower rate of

P 4

change of the eutectic melting point with pressure in the Na-K system.

For that system the effect can be significant because the entropy of fusion
of sodium or potassium is about 1.7 e.u., approximately the same magnitude
as expected for a mixing effect. However, the antrcpies of fusion of the
silicate minerals appear to be on the order of 10-14 e.u. so any mixing
effect should have very little effect on the melting curve of the eutectic.

It seems more likely that the lower dT/dP rate is attributable to

I TERPRSTRREE ¥, PR T SELELME S

shifts in the phase equilibria cf the systems with pressure. Neufville,
Clark and Schairer (1962) have studied phase relat.onships in the system
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diopside-anorthite-silica at one atmosphere and at 20 kilobars total pressure.
They find that the system is complicated by the incongruent melting of
anorthite at 20 xilobars and that there is a considerable shift in the
composition of the eutectic and an increase in melting point of the eutectic
of about 100° from the value of 1495°K at one atmosphere. Their conclusions
would indicate that for a mixture like pyrolite one can expect that the

Al 0s content of liquids forming by partial fusion of the same parent
material should increase as a function of depth up to pressures at which
plagioclase disappears from the liquidus.

Cousidrrable change with pressure can be expected in the solid
solution range of minerals anticipated in pyrolite. Boyd and England (1960)
have measured the solubility of alumina in enstatite at 167C°K and 18.2
kilobars. They find that under these conditions from 14-19 percent Al,0=
will be dissolved. Clark and Neufville (1962) have reported f£inding con-
tinuous solid solution between diopside and CaAl,SiOg at 20 kilobars
indicating that the sbility of diopside to accept Al 0x in solid solution
is more pronounced than the analogous behavior of enstatite mentioned above.
It has also been established that albite is transformed to jadeite and
quartz with increasing pressure (Birch and LeComte, 1960); the P-T line for
this transformation is shown on, Figure 2.13-5 somewhat higher than the basalt-
eclogite trangition reported by Yoder and Tilley (1962). Recent work by
Boyd and England (1964) indicates that at still greater pressures high
alumina content pyroxenes tend to break dowt into garnet and lower alumina
content pyroxenes.

From these data it appears that the olivine-pyroxene-plagioclase
assemblage characteriatic of pyrolite at one atmosphere will gradually change
with increasing rr .:;'re to an .olivine-pyroxene mixture pcssiblv containing
some garnet. Because of changes in solid solution range it could be extremely
misleading to think that the observed solidus behavior of basalt, eclogite,
or the anorthite-diopside-silica system would represent that of pyrolite,

One can understand why this may be so if one recognizes that the changing
solid solution range of the pyroxene minerél means a changing distribution
ratio between solid and liquid for components such as Al;0s and thus the
composition of the liquid at equilibrium can depend on such factors as the
relative ratio of pyroxene mineral to plagioclase mineral in the initial
composition. 31
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It does nct appear from the literature we have reviewed that
there is any firm basis for predicting the change in initial melting be-
havior of pyrolite with increasing pressure. It is cunceivable that the
initial melting point curve may not vary smootlLily with increasing pressure
but may have maxima and minima as the number and composition of the phases
present at equilibrium chcnges.

Figure 2.13-4 presents our best estimate of changes in melting
point curves at 25 and 50 kilobars. The one atmosphere curve was discussed
earlier. As pressure is increased from one atmosphere to 25 kilobars the
melting point of the pyroxene phase will increase more rapidly tnan that
of the olivine, thus the phase boundary between the two will tz reached at
a higher relative temperature as indicated by the higher break in the
melting curve. The solid solution range of the pyroxene phase increases
at the same time and much less plagioclase phase would be expected.

This has been indicated by a lowering of the lower break in the meltiung
curve, For pressures of 50 kilobars we have drawn a melting curve showing
complete disappearsnce of the plagioclase phase and no change in relative
position of the olivine-pyroxene phase boundary. Our present understanding
is that the volume of any garnet phase which may be formed at these high
pressures will probatly be very small and we have chosen to ignore it.

In the absence of any definite kncwledge as to the behavior of
the initial melting point of pyrolite with increasing pressure these curves
for 25 and 50 kilobars have been drawn showing some decrease in absolute
temperature interval for complete melting on the basis of the behavior of
eclogite reported by Yoder and Tilley.

Although pressures above fif<y kilobars are not normally expected
on tne moon it is important to consider the melting behavior at these pres-
sures in order to make comparisons with the earth. Pyroxene and olivine
will likely remain the dominant phases to pressures above 100 kiiobars and
in Figure 2.13-4 we have indicated no change in the rela .ve melting curve
predicted for 50 and 100 kilobars. In Figure 2.13-5 we have shown the P-T
boundary curves for the recognized transforma}ions of coegite to stishovite
and enstatite to forsterite + stishovite at pressures above 100 kilobars.
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Ringwood (1962) has discussed a possible series of polymorphic
transiticns between 400 and 1000 kilometers which can result in a continuous
increase in density. He proposes that these transitions lead eveutually to
a breakdown into a mixture of simple oxides of the elements. One should
remember, however, that much remains to be learned about the behavior of
these minerals at such high pressures and that other sequences of reactions
providing incredsed densities may be recognized as our knowledge increases.
We, therefore, see no basis at tuis time for attempting to predict a
melting curve in this pressure range.

While we cannot logically extrapolate the melting point curve of
minerals such as forsterite, because of possitle polymorphic changes or re-
actions, an extrapolation of existing pressure-temperature data for iron
would appear to be more reasonable (Gilvarry, 1956). Not only would a
knowledge of the iron behavior yield estimates of the temperature in the
earth's core, but it would provide a strong constraint on speculations as
to why the moon does not also have a core.

Figure 2.13-5 shows the iron melting Lehavior as reported by
Bundy and Strong (1962). From these curves it would appear that at pressures
greater than S0 kilobars iron melts at a lower temperature than basalt, but
in the moon where lower pressuras prevail it would always melt at a higher
temperature than basalt. If the temperature of the moon is never abeve
that necessary for formation and extrusion of a basalt magma, any free iron
which may be present can be included as pait of the higher melting component.
Extrapolation of Bundy and Strong's data to very high pressures would indi-
cate a temperature at the earth's core-mantle boundary of at least 4500°K.
However, Sterrett, et al (1965) have presented fairly convincing arguments
for questioning the reported uncertainties of the temperature and pressure

values on which such extrapolations are based.
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2.133 The Effect of Aqueous Atmospheres on the Melting Curve

Our only direct evidence for water content in the pyrolite comes
from measurements of water content of basalts and from the relative mass
of the hydrosphere and crust. Jacobs, et al (1959) give estimates for the
volume of the solid crust of 8.3x1024 cm3 and for the hydrosphere of
1.4x1024 cm3. The hydrosphere thus makes up roughly 5 weight percent of
the total crust. If all of the material above the mantle has originated
from a primary basaltic magma then this magma would have to contain at
least 5 percent water. In contrast to the above argument, analyses of most
basalts show a water content of the order of one percent or less by weight.
If these values are more representative of the ave: g .;ater content of
basalt they would seem to imply that not all of the eas.a's hydrosphere is
a product of igneous activity as we know it today. For reasons discussed
in Chapter 3 we believe that the latter alternative is more consistent with
tne available data and that the water content of basalts probably represents
equilibrium water pressures on the order of half a kilobar or less.

Fxperimental studies of basalt have shown that high partial pres-
sures of water have a marked effect on its melting behavior. In summarizing
their results, Yoder and Tilley (1962, Figure 29) show that by increasing the
water pressure from atmospheric to 19 kilobars the liquidus temperature is
decreased from 1510 to 1360°K ancd that the melting range is more than doubled
extending to 870°K. The stable phases and the order of appearance also changes.
Amphibole is stabilized by high water prersures and may become the first sili-
cate to appear at water pressures slightly above 10 kilobars, In the presence
of excess of water the basalt composition is represented at relatively low
temperatures bv amphibelite or hornblende gabbro.

Markedly different results are obtained when water pressure is less
than total pressure. Yoder and Tilley summarize their data on this behavior
in their Figure 34. The liquidus temperature for the basalts under anhydrous
conditions is increased about 6° per kilobar or about 6G° for 10 ki{lobars
total pressure. Recall that under 10 kilobars water pressure the liquidus
temperature is reduced by about 150° from that at 1 bar, representing about
220° below 10 kilobar pressure without water. Now when water pressure is

7 kilobars out of 10 total the liquidus temperature is only reduced about
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50° below that for the same total pressure without water. At the same time
the effect cf increasing pressure'at constant partial pressurc of water is
to decrease th2 stability range of amphibole,

These observations are cuite important. If the water content of
a typical basalt does represent equilibrium water pressures on the order of
one kilobar or less as we believe, then, when pressurec. are 10 kilobars or
greater we find from Yoder and Tilley's work that the liquidus curve is
little affected by this quantitv of water. We shall assume similar behavior
for the solidus.

2.134 Behavicr Pattern Indicated for the Model

The anticipated melting behavior for pyrolitc at preasures of
1 bar and 25, 50, 100 kilobars is sketched in Figure 2.13-%4. The major
assumption in developing the curve at one atmosphere is that total composi-
tion is equivalant *o 25% basalt and 75% dunite. This assumption i. used
to position the experimental data on basalt with respect to the remainder
of the curve.

If we had assumed that basalt represented a lower fraction of the
total mantle composition, the predicted melting curve would change in the
following manner. Since the total composition would now contain more
olivine and pyroxene the first solid would appear at a slightly higher

temperature. We would still predict the initial precipitation of olivine

followed by pyroxene. The largest change would be obierved in the low
temperature portion of the curve. The behavior ol the initial melting
(basalt) fraction would now be compressed along the "weight % liquid" f
scale with no change in the temperature positioning of the ternary eutectic »
or solidus.

In Figure 2.13-4 the liquidus temperature is increased with pressure
proportional to the behavior reported for pure forsteri.e. This is more
readily seen on Figure 2.13-6. The solidus temperacure variation with
pressure is less certain. The values selected are based on the experimental
behavior discussed for basalt, eclogite, and the diopside-anorthite-silica

system.

35

QArthur D.Little, Ince,



2
<
B
-
‘\
P4

AR
LN

At one atmosphere the princiral mineral phases are olivine,

BSOS £

pyroxene, and plagioclese. The experimental evidence discussed on page

three indicates that plagioclase will tend to disappear with formation of

Ja‘:ﬂ‘-ni‘ﬂ"p-d

more pyroxene phase as pressure increases. We show complete disappearance
between 25 and 50 kilobare in Figure 2.13-4, but this is quite uncertain.
Complete disappearance below 25 kilobars may be possible.

Above 100 kilobars the behavior is quite speculative at this time
and we have not felt that further extension of these curves was warranted.
If necessary 2 linear extrapolation parallel to the predicted behavior of
forsterite is probably the best course while maintainirg the absolute temper-
ature range of melting constant.

If we are to select a discrete melting temperature for use in the
computer simulation it seems to us to be most logical to choose that temper-
ature where the basalt frection cof the mixture (25 percent in pyfolite-1:3)

is wolten. While at first glance this might appear to be too dragtic an

BN TSI RO 8 Fr, NS

oversimpiification i: is not only in line with our policr o. nsing the
simplest possible model consistent with observations but it seems to be the
only assumption which would al.says produce basalt melts from the earth's
mantle. A third advantage of this choice is that it allows us to define a
single melting temperature at each pressure by imposing the constraint zhat
the melt "-iction rewains constant as the pressure changes.

¢ have, therefore, selected the melting curve for basalt, shown
.. ™re 2.13-6, for use in the computer simulation of the evolution of
the moon. This curve starts at 1500°K at atmospueric pressare ané increase-~
‘linearly at a rate of 1i.0 cegrees per kilobar up to the maximum pressures
encountered in the moon's interior. ‘

2.14 Heat of Fusion

The heat of f+sion plays an important role as an energy reservoir

both in the geueration and crystailization of magma. In this section we

#
2

review the state of our knowledge for heats uf fusion of silicate minerals

as a function of temperature and pressire in order t> deterwine appropriate
values for use in the theore.ical analysis.
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2.141 Heat of Fusion at Low Pressures

Heats of fusion are tabulated for many minerals but most are
derived from the indicated freezing point lowering obtained in phase studies.
MacDonald (1954) has pointed out that these values have very large uncertain-
ties due to the generally low precision of the phase studies. 1In his review
he presents data for four compounds which he considerz tc be good, including

the only two calorimetric studies of which we ere aware a+ this time. These

data are presented in Table 2.14-I and represent a range of silicate composition.

Bradley (1962) has recently wade some further calculations for the
fayalite-forsterite system., By treating the system as an ionic solid and
solution he derives heats of formation for fayalite and forsterite of 25,200
and 29,300 calories per mole respectively. These data are much higher than
the values of about 14000-15000 previously calculated from the phase studies
and are in much better agreement with the calorimetric ‘ralue for fayalite
given in Table 2.14-1I and with our estimate for fursterite based on the

entropy of fusion of fayalite.
' TABLE 2.14-1

SOME EXPERIMENTAL HEATS AND ENTROPIES OF FUSION

T

fompound m NH of Fusion AS of Fusion OMH of Fusion
{°K) (cal/mole) (cal/mole-ceg) (joules/gm)

Fe28104r (fayalite) 1490 22,000+1000 14.840.% 453

NﬂgSiQS : 1361 12,470%500 9.240.5 426

NaAlS?qu (albite) 1393 13.090+2000 9.3+1.5 208

CaAl2 SiOé {arorthite) 1823 18,000+3000 10.0+1.7 27¢

The entrop; ~f fusion for inorganic compounds is not found to be as constant
ag ‘the eutropy of vaporization; however, it is generally the same for the
same structural type of compound. Thus we can use the entropics calculated
for the silicites lizted in the first portion of Table 2.14-I to predict the
ﬁeats of fusion for similar silicates. This is done for forsterite, enstatite
and diopside in Table 2.14-1I with due consideration for the structural
relationships. ‘
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TABLE 2z.14-IT

SOME PREDICTED HEATS OF FUSION

T

Compgund m AH of Fusion
(°K) (cal/mole) (joules/gm)

Mgzsioa (forsterite) 2163 32,000 950
MgSiO3 (enstatite) (1830) 16,860 699
CaMg(Si03)2 (Diopside) 1664 30, 600 590
"Plagioclase" 225
"Pyroxene' 650
"0livine" 9C0

The heat of fusion per grawm of compecund in joules is given in the
last column of Table 2.14-1 and 2.14-II. There is a greater than 4-fold
difference in the values. Since pyr-olite at atmospheric ovressure can be
considered to consist of three phases, (olivine, pyroxene, and plagioclase)
we have shown estimated avcrege values for the heat of fusion of each of
these phases iu the last section of Table 2.14-XII. Plagioclase is a solid
solution of albite plus some anorthite and we have chosen a value of about
225 joules per gram for this phase. The pyroxene phase may be congidered as
enstatite, diopside, and ferosilite; for this we have selected s value of 650
joules per gram. The olivine phase will be about 90%, forsterite-10%,
fayalite giving an estimate of 900 joules per gram for this phase.

It is evident that one value per gram of pyrolite cannot be choseu.

In addition, the estimation of a heat of fusion is further complicated by the

different forms of melting behavior to be expected in different portions of

the melting curve and the way in which these may change with pressure. For
example, with reference toc melting at one atmosphere, one would expect simul-
taneous melting of plagioclase (the primary phase melting) olivine, and
pvroxene from the solidus to the ternary eutectic point (Figure 2.13-4).
Melting of 25 percent of the pyrolite, a point reached slighcly above the
ternary eutectic, esgsentially represents the basalt fraction of pyrolite.
Based on the relative proportions of the olivire, pyroxene, and plagioclase
phases in basalt (Yoder and Tilley, 1962) we estimate an average heat of

fusion for basalt of 450 joules per gram. In crystallization from the binary
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to the ternary eutectic point at one atmosphere we expect the re-solution
of olivine and precipitation of pyroxene to occur. Assuming the reverse to
occur on meiting the heat of fusion per gram of melt formed will fall well
below that for pyroxene and may approach the heat of fusion of SiO, which is
about 250 joules/gm. Above t“e binary eu:ectic only olivine will be melting
and the heat of fusion will be 9C0 joules/gm.

2.142 The Effects of Pressure on the Heaz: of Fusion

There are two factors which must be considered when estimating
the effects of pressure on ihe heat of fusion »f pyrolite: changes in the
heat of fusion of individual mirerals, and changes in the mineral assemblage.
Bridgeman (1949) celculated the heat of fusion at pressures to
12 kilobars from the Claugius-Clapeyron equation utilizing experimental
values for the change in volume at fusion and the change in melting point
with pressure for some organic compounds. He found that in the majority _
of cases the latent heat increased by moderate amounts with pressure. We do
not, however, have comparable data for the silicate minerals of interest.
Another thermodynamic equation, first derived by Planck, relates the change
in latent heat of fusion with changes in pressure and temperature along the
melting éurve. Consideration nf this equation,

d2 = Ac_+2 - gfo(in &v)
dT P T T /p

vaere £ is the latent heat of fusion

cp is the specific neat at cunstant pressure

Av is the change in specific volume
ind.cates that the major contribution to the change in latent heat as
melting temperature increases with pressure is due to the second term.
Integratinm and solution of this equation indicates increases in the latent
heats of these silicate minerals on the order of only 10 percent at 30
kilobars, 1In effect this result shows that to a fifst approximation the
entropy of fusion of the silipate minerais remains constant as pressure
increases. .

The effects of changes in the mineral- assemblage with pressure

appear to be much more significant. When pressure is increased the pyroxene

pnase changes from an incongruent to corgruent melting behavior and, because
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of differences in the relative change in melting point of olivine and pyroxene
phases with pressure,we expect a considerable shift in the bSoundary curve
between olivine and pyroxene phases. This will shift the binary eutectic
point in our melting curve and may well change the melting behavior to be
expected between the ternary and “inary eutectic points to one of simultaneous
melting of olivine and pyrozene. This would mean a heat of fusion per gram

of melt formed of between 650 and 300 joules per gram. In addition we anti-
cipate that the plagioclase phase will disappear at higher pressuies resulting
in an _ncrease in the relative volume of pyroxene phase, probably with little
change in the heat of fusion of the pyroxene phase. When and if both these
changes occur the heat of fusion per gram from the solidus teo the binary
eutectic point will be somewhere between 650 and 900 joules per gram.

It is interesting to consider the consequences of the fact that we
anticipace the presence of a point in the 15 to 30 kilobars pressure region
at which a phase transition occurs over a few kilobar pfessure interval
representing the transformation of the high pressure pyrolite system con-
sisting primarily of an oliviue and pyroxeme phase to the low pressure
system consisting of plagioclase, olivine, and pyroxene. Now, if we assumed
that the high pressure phase was partially melted (say 10%) when a sudden
pressure velease favored the transition, the result without any temperature
exchange with the surroundings would be an approximate doubling of the liquid
fraction of the pyrolite due to the changes in phase composition and their
resultant heats of fusion. This would represent a simultaneous volume in-
crease which might tend to further propagate any fracture which had allowed
the sudden pressure release. In other words one might say that there is a
certain pressure and temperature region in which pyrolitc would react
"explosively", j.e., with a sharp volume increase, to any pressure drop of
a few kilobars. This type of behavior would seem to provide a sound theo-
retical basis for the popular hypothesis that magma generation results from
a sudden decr=ase in preséure. As the mechanism involved is closely related
to the problems of migration it is discussed in more detail in Chapter 3.

2.143 Heat of Fusion for the Model

From the above éiscussion it abpeats that the major uncertainty in

choosing a heat of fusion arises not from changes in latent heat due to pres-

sure but rather from changes in melting behavior associated with probab.e
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pressure induced phase changes. Heats of fusion for melting the basalt
fraction of pyrolite may rzage from 250 to 75G joules per gram depending

on the pressure. We estimate that at one atmosphere the heat of fusion
below the ternary eutectic is on *“he order of 300 joules per gram while
that between the ternary and binary eutectic may be eromewhat higher. At
pressures above the transition zone, say 30 kilobars or greater, the heat
of fusion beiow the binary is probably on the order of 750 joules per gram.
Thus in any calculation where it plays a critical role a gingle value for
the heat of fusion of the first quarter or similar fixed fraction of pyrolite
independent of temperature and pres<ure cannot be recommended since a two-tc
three-fold change is expected with increase in pressure. On the sther hand
for those probiems in which one value is sufficient 500 joules per gram
would a;pear to be appropriate.

2.15 Specific Heats

A plot of specific heats for so0lids rises from low temperatures
a.? tends to flatten oiat at high temperatures. Dulong and Petii's law states
that the specific heat per gram atom for most elements is about 6.2 calcries
(26 joules) per degree at room temperature. This value increasee further
with temperature. Kubachewski and Evans (1957) point out that it may be
taken as about 7.25 cal (30.3 joules) per degree at the first phase transition,
frequently the melting point. The specific heats of compounds are frequently
found approximately equal to th- sum of the heats of the elcments.

The specific heats of liquids do not differ greatly from those of
their solid and a value of 7.25 cal (30.3 joules) per degree per gram atom
may be used if experimental measurements are not available. Little is knowm
about the temperature dependence for liquids and a constant value is usually
estimated in the absence of experimental data. The effect of pressure is.
small (Partington, 1951).

‘Some specific heat values for appropriate minerals, glaaées, and

rocks are presented in Table 2.15-I, taken from Birch et al (1942). The

data for diopside, albite, and fayalite are also plotted in Figure 2.15-1
and show clearly the trend with temperature. The glass data may be taken as
representative of the cooled liquid and provide one measure of th: verv small

differences between so0lid aud 1iquid. We have also shown on Figure 2.15-1
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more recent data on Mg,5i04, FesSiO4, and MgSiOsz taken fror the tabulations
of Kubachewski and Evans (1957). A tabulated value for liquid Fe»5104

is 10% greater than that for the solid at the melting point and is reported
to be essentially constant for the temperature range studied (1490-1724°K).
The olivine phase cof pyrolite will represent about 90% MgoSiO, + 1C7%
Fe»Si0,. A curve representing such a mixture can be visualized on

Figure 2.15-1 as falling slightly below that for Mg,SiO4. The pyroxene
phase will consist primarily of MgSiO5 plus again a small amount of iron
and calcium in place of magnesium. The diopside curve represents a 50-50
calcium~magnesium mixture. Again the curve for the pyroxene phase can te
visualized as falling very close to that for MgSiOz. The plagioclase

phase consists of a solid solution of albite and anorthite but in the
pyrolite will be primarily albite. A curve for albite is given on

Figure 2.15-1. Combining these values we would postulate a specific heat
curve for pyrclite as shown on the figure. We believe this curve should

be accurate to within * 57 and will be approximately linear from 800 to

at least 1900°K.

For the numerical calculations we have chosen a single specific heat
of 1.1 joules per gram to represent both liquid and solid over the entire temp-
erature range of the planet. This value, which represents the average specific
heat between 273° and 1500°K, may be in error by as much as *+ 30 percent at any
point wi“hin the range but it should yield estimates of the amount of heat
necessary to raise the moon from its initial "cold" state to the predicted

magma generation temperatures which are within 10 percent of the correct value.
2.16 Thermal Conduciivity

Of all the thermal parameters which must be known to predict
generation of magma on the moor the thermal conductivity is the most un-
certain. Thermal conduction on a microscopic scale results from movement
through the solid of variocus species which transport energy. . Among the
heat transporting species are: phonons (quantized lattice vibrationms),
free elect~ons (and/or holes), photons of radiation, and excitons. The
fdct that these species ‘'can travel only a finite distauce before being
scattered or absorbed results in a diffusional type process - if there

were no scattering or absorption the thermal conductivity would be irfinite.
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By considering the scattering and absorption mechanisms for each
of the various species it is theoretically possibie to determine the thermal
conductivity, but the uncertainties are sufficiently great that at present
one is often restricted to estimating limiting values.

If any ome species is attenuated by several mechanisms the
attenuation probabilities of the different mechanisms are additive; thus
the to al mean free path z result.ng from the attenu-cion process for each
species is given by

1E = 1/2, + 1o+ 1/ + ..... (2.16-1)
The most important attenuation mechanism is thus the one with the shortest
mean free path. If any one Ziis very much smaller than the others the
attenuation by the othere does not contribule significantly to the total.

2.161 Phonon Conductivity

Most thermal conductivity measurements of rocks are made at
atmospheric ﬁressure and room temperature. At this temperature heat is
primarily transported by ordinary lattice conduction; this may be con-
sidered either as the propegation of anharmonic lattice waves through a
continuum oif as the interaction between phonons (quanta of thermal energy).

Regarding the process as an interaction between phonons, for most
solids satisfactory agreement between obser ition and theory may be cbtained

by writing the phonon conductivity kp as

k= 1lpcvy 2.16-2
P =P p ( )
where p 1is the density

is the specific heat
v is the velocity of phonons, which is essentially the
velocity of sound in the material

Z
P
(See for example.Lee and Kingery, 1960).

is an effective photon mean free path.

Above the Deybe temperature and at constant pressure the density, phonon
velocity, and specific heat are relaiively constant but the number of
phonons increases, thue reducing their mean free path. The effective con-

dv  .vity resulting from this process is inversely proporticasl to the

Arthur D Aittle, Iuc.
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absolute temperature. Thus, the phonon conductivicy above the Debye
temperature mav be estimated from

kp = kp(To)xTo/T (2.16-3)

As the phonon scattering is due to anharmonic terms in the
lattice potential,a rinite limit is placed on the length of the mean free
path by the interatomic distances. Wh:n the temperacure approaches the
melting temperature the effective mean free path and hence the conductivity,
is observed to apprcach a <onstant. Estimates -f effective phonon mean
free paths for silicate glasses using equation (2.16~1) and observed
thermal conductivities yield values of about 72; approximately the dimension
of a silica tetrahadron (see for example Kittel, 1956).

Other tactors such as impurities and departures from stoichiometry
nave been observed to affe:t the p..unon conductivity in simple sysa’eme at
low temperatures. For our purposes they would appear to e irrelevant
because the concept of impurity is no longer valid in the complex systems
with which we are concz2rned. At the temperatures to be expected in Lne
interior of the moon, such scatrtering would also be dwarfed by other
scattering mechanisms.

Kingery et al (1954) have measured the phonon conductivity of
forsterite. Their results which show clearly the temperatre dependence
of this type of conductivity are reproduced in Figure 2.16-1.

Little work has been done relating changes in thermal ce- "ctivity
to the effects of high pressure on the dynamics of the crystal lat ice,
Lawson (1957) showed agreement between Bridgeman's (i945) results and the
expression

K, = Ao/ayzrn3/2p”2 (2.16-4)
where Ao is the lattice paraumeter

y 1is Gruneisen's constant

k 1s the compreseibility

¢ 1is the density.

Difi>rentiating (2.16-4) with respect to pressure and noting that
O./dp = kp yields

S, = A l6r o0yt €2.16-5)
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Now choosing Ao = 7x10-8cm

Y = 2
T = 1500°K
kK = .7::10-12dynes-1cm.1
-3
r = 3.% gm cm
yields
kalap = -1.26x107% sec”log lem? ‘ -

-1.26x10™% watts cm L°K lkilobar !

Thus the effect of 50 kilobars pressure will be to decrease the

-1°K-1, which is insignificant

phonon conductivity by about 0.006 watts cm
compared to the range of reliability of the radiative concductivity data to
be discussed below.

2.162 Heat Conduction by Free Electrons or Holes

It is generally agreed that the transfer of heat: by free electrons
or holes is not important anywhere in the earth's upper mantle where
tomperature and pressure conditions resemble those likely to be encountered
on the moon. As the thermal conductivity due to electrcnic processes ke
can be relatea to the electrical conductivity % through the Wiedemann-
Franz relationship:

k, =y (kfe)’o T (2.16-6)

where . k is Boltzman's ronstant 1. 38x10 joules/degree

19 coulombs

’ e 1is the charge on the electron 1.59%10"
Y 1s a constant equal to x /3 in the free electron model
for metals (see for example Dekker, 1957) and lving between 2.5 and 4 in

semiconductors.

s " » iAo 3, Tl . . N \ W . & e
AR e B L A f 97 s i i s v

While the electrical conductivity 1n the eartb's mantle above
600 kn .appears to be everywhere less than 10° (ohm cm) even in the deep -
mantle it does not apparently have an average value greater than 1 (ohm cm)
Taking the latter value as the worst possible case which could be expected
in the moon would yleld a value for ke of 5x1o'5 watts/cm’K which is
negligible compared to the phonon conduction.

Lawscn and Jamieson (1957) have suggested that excitons (bound
electron-hole pairs) may contribute to thermal conductivity in the earth's
deep mantie but they do not believe them to be important in the outer mantle
where conditions most closely approximate the moon.
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2.163 Photon Conduction

Heat may also be transferred through solids by tzansmissica, or
absorption and reradiation of electromagnetic energy. Although the possible
geological significance of this photon corduction was firsf recogﬁized by
Birch and Clark (1940) it was not until the work of Clark (1956,1957),
Lawson and Jamieson (1958), and Lubimova (1958) that serious attempts were
made to estimate its role in the thermal history of the earth.

Clark has derived an expression for the radiative thermal con- .

ductivity in a body under planetary conditions of the form

[
ko= 4 f 02, T) 3BE,T) dA (2.16-7)
3 Y% ¢ (A\,T) oT
_where B(,T) : 2nc’h ¢2.16-8)
- 2% (exp[he/ak,T]-1)
n 1is the irdex of refraction
A 1is the wave length
T 1is the absolute temperature

m

is the spectral extinction coefficient
¢ is the velocity of light
h is Planck's constant
ko,is Boltzmann's constant
The extinction coefficient ¢(2,T) is the sur. of an ebsorption
coefficient a(r,T) and a scattering coefficient S()). .
Several simplifications of equation (2.16-7) are possible. For
most materials in the approximation of weak absorption, n may be taken to

be constant and kt may be rewritten as

_ k, = (16/3)on°T’}, (2.16-9)
: o
where B o is the Stefan-Boltzmann constant,
- ©
7, = j (1/e(,T) ) {x exp(x)/[exp(x)-1]) B(?,T)dr {2.16-10)
o . .
o«
4 f B(A,T)d\
o ‘
end ' x = ch/\koT ,
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Comparison of equation (2.16-9) with (2.16-2) illustr-tes a formal analogy
which is frequently drawn between radiative conducticn and heat transfer in
a gas by molecules or in a solid by phonons. Using this analogy in radiative
transfer the transporting species are photons which travel with a velocity
v = ¢/n, with a volume heat capacitcy 16on3T3/c and en effective photon mean
free path Z;.

Unless the material has very high transmission in spectral regions
remote from the bulk of the blackbody radiation curve the approximate rela-

tionship ©
£.(1) ~ fo life (X, T)) B\, T)dA (2.16-11)

f B(A,T)dA : o
o T .

as used by Lee and Kingery (1960) hoids., :
We shall at first concentrate on the case where scattering is :

negligible and hence the extinction coefficient equals the absorption co-
efficient. Urd-- this condition, the principal function to be evaluated 5 .
is the magnitude of the spectral absorption coefficient a{},T) at the
relevant temperatures and wavelengths. We feel that, while sume general
conclusions can be reached by theoretical discussjion, there is no sub-
stitute for empirical data,

When considering radiative transfer in the moon, where we are
interested primarily in temperatures below the meltiné temperature of
olivine, the most important spectral region for radiative transfer is the
near infrared. The temperature dependence of the blackbody energy is

shown in Table 2.16-1.

R0 AR 093 Fotnds, e ins i o AT Oty s
lon Voo ¢

TABLE 2.16-I .

BLACKBODY ENERGY DISTRIBUTIONS

. *
300 5.3 p 9.6n 58.5u
1000 1.6 u 2.9 17.6u
1700 .9ty 1.7 0.3
2000 .80 1.4 8.8y .

* lx% means that-X7 of blackbody flux falls at wavelengths less than A
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In general for minerals the near infrared is s moderately trans-
parent region, lying between the vibrational region of the infrared and the
intrinsic "semiconductor" band gap region of ttnie ultraviolet. It is most
important tc point out that while the peak absorptions for these two pro-
cesses generally lie beyond the region where most of the blackbody energy
is concentrated there 1s, particularly on the infrared side, a significant
tail reaching into the region in question. This tail involving the wings
of the fundamental vibrational absorptionrs, as well as combination tones
resulting from them, should not be overlookeld as a source of significant

absorption. A general rule is that high temper..ures will broaden these

:infrargd absorptions leading tc further increases in this tail at high

temperﬁtures. It can easily be seer. that even if this absorption tail
were unaffected by temperature and pressure the blackbody shift to high
frequencies with increasing temperature increas.s the mean free path as

the blackoody nioves into a region of greéter transparency. This type of
infrared effect was observed by Lee and Kingery (1960) who saw an increase
of photon mean free path with temperature in several ceramic materials.

If the ultraviolet absorption edge were involved instead of the intrared
absorption tail the effect would be just the oppogsite. Although it is
generally recognized that the mean free path of photons is temperature
dependent it has been customary in most calculations of the thermal history
cf planets to assume, for want of better data, that it is constant (see for
example, MacDonald, 1959).

If absorption is the dominant process limiting radiative transfer
in the moon, then the assumption of a mean free path which does not vary
with temperature does not seem reélistic. On the assumption that the ab-
sorption spectrum is independent of temperature Clark (19572) was able to
eétimate the témperature dependence oka£ for olivine, diopside, pyrope,
almandine, and grossularite. Mean free paths cowputed from the conductivities
are shown in figure 2.16-2 and the conductivities themseives have been re-
produced in Figure 2,16-3. These values are illustrative of the previously
mentioned point that even when the absorption spectrum is independent of
temperature and pressure, the mean free path can still vary with temperature

’
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because of shifts in the tlackbody distribution when the absorpt on spectrum
is wavelength dependent. It is also worth noting in conjunction with
Clark's data that in a material composed of olivine plus relatively small
amounts of very highly absorbing minerals, such as pyrope and almandine,
the latter might lower the conductivity appreciably.

Clark's calculations indicate how thermal conductivites for a
few minerals would be expected to vary with temperature if the spectra of
the minerals do not change from their room temperature valucs. Unfortunately,
data at various temperatures on the atsorption over the entire spectral range
rnecessary for thermal conductivity ceiculations for minerals is not available.
T2 .mall amount of experimencal data on other materials which has been re-
ported indicates that high temperature may have a drastic effect on absorption
coefficient and hence mean free path. In a very recent study of the ab-
sorption coeificient and refractive index of Al;03 as a function of tempera-
ture up to 2300°K Gryvnak and Burch (1965) observed a large increase in tne
absorption coefficient, followed by a further discontinuvus great increase
on melting. The refractive index on the other hand only increased .05 up
to 1970°K. Photon mean free paths computed from approximate numerical inte-
gration of their spectra between .5 and 5 microns using equation (2.16-10)
are shown Jn Figure (2.16-2). The data used in the calculation as interpolated
from the spectra are shown in Table (2.16-II) and the computed thermal con-
ductivities in Figure (2.16-3). The increase in the photon mean free path
of Al;0s as a result of changes in ¢ above 1500°K is so great that the
conductivity decreases by over an order of magnitude within about 500°K.

There are also a few direct weasurements which suggest the type
of effects to be expected from pressure. Balchan and Dri-kamer (1959) have
measurad the effect of pressures up to 150 kilobars on the ultraviolet ab-
sorption edge of olivine and on the Fe++ electronic absovption in garnet.
Lippincott et al (1960) have measured the effect of pressures up to 160
kilobars on the infrared absorption of several solids. The results of these
experimental studies seem to show .that while some distinctive effects are
observed, in the absence of phase changes, changes in mean free path as a
result of any pressures likely to occur imn the moon would be insufficient to
significantly affect the conclusions drawn as a result of ordinary pressure

experiments.
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TABLE 2.16-1I

; SPECTRUM OF ALUMINA (AFTER BURCH,1965)

INDEX OF REFRACTION 1.765

' ) ABSORPTION COEFFICIENTS, CMes-]

Foter

P sy
M

| e ey

e

|

MICRONS 1473.K 1773.K 1873.K 1973.K 2293.K

1 0.50 0.0450 0.1100 0.25600 0.4000 0.3000

2 0.75 0.0140 0.077C 0.2000 0.3000 C.2500

3 1.00 0.0078 0.0550 0.1500 0.2500 0.21G0

4 1.25 0.0052 0.0410 0.1100 0.2000 0.1900

5 1.50 0.0040 0.0320 0.0500 0.1700 0.1700

6 L.75 0.0034 0.0270 0.0730 0.1300 0.1400

7 2.00 0.0033 0.0230 0.0620 0.1100 0.12C0

8 2.25 0.0034 0.0220 0.0590 0.1000 0.1200

9 2.50 0.0040 0.0220 0.0550 0.0930 0.1200

10 2.75 0.0050 0.0250 0.0570 0.0910 0.1200

11 3.00 0.0080 0.0340 0.0670 0.0990 0.1300

12 3.25 0.0220 0.0550 0. N900 0.1100 0.1700

13 3.50 0.0700 0.1100 0.1700 0.2000 0.2500

14 3.75 0.1900 0.2700 0.3600 0.4000 0.5100

15 4.0C 0.4300 0.6000 ve 7000 0.7900 1.0000

16 4.25 0.8100 1.1000 1.2000 1.4000 1.8000

17 4450 1.5000 2.0000 2.3000 2.5000 3.3000

18 4.75 2.3000 3.3000 4.0000 4.,2000 5.4000

19 5.00 3.7000 5.3000 6.5000 7.0000 8. 7000
* ABSORPTIONL 575603 3.45E-02 8.64E-02 1.456-01 1.68E-01
MEAN PATH1,CM 1.74E 02 2.90E 01 1.16E Ol 6.89E 00 5.96E GO
CONDUCTIVITYl 5.23E Ol 1.52E 01 7.16E 00 4.99E 00 6.77€ 00
N ** ABSORPTION2 4.54E-03 3,17E-02 B8.36E~-02 1.46E-01 1.69E-01
MEAN PATH2,(M 2.20E 02 3.16E 01 1.20E 01 6.84E 00 Z.93F 00
CONDUCTIVITY2 6.63E Ol 1.66E 01 7.40FE 00 4,95E 00 6.74E 00

/-

L
-, 8

IR

* Calculated by numerical integration of equation (2.16-10)

¥ Calculated by equation (2.16-11)
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If room temperature spuctra of the materials of interest were
available one could attempt to extrapolate them to the high temperatures
prevailing in the wmoon and in the earth. Because of the unfortunate
dearth of such spectra, we can only indicate what factors are most likely
to be important, A number of workers (Clark, 1957b; Lawson and Jamieson,
1958) have discussed these factors and attempted to make quantitative est
mates of their contributions to total abserption. The mechaniswme £ ab-
sorption which must be considered are:

(1) Vibrational transition absorption (including lattice
and internal vibrations);

(2) Free carrier absorption (free electrons, holes, etc.)

(3) Intrinsic semiconductor absorption (transitions from
valence to conduction bands);.

(4) Absorptions due te impurities (including extrimsic
electronic transitions between bound stutes or to thec conduction band)
or transition metal ‘ons where these are not impurities.

We have already mentioned that increasing temperature would b~
expected to broaden the vibrational bands resulting in some changes in c.
The magnitude of free carrier absorprion may be estimated from electrical

conductivity measurements of the earth’s mantle using the formula

g = 120xae (2.16-12)
n
where T is the electrical conductivity in (ohm cm)'1
and n ic the refractive index.

While Lawson and Jamieson have disagreed with Clark on the magnitude of

)

Cr T B

SUPF TR Bl

P b5 5

free carrier absorption in the earth's deep m~ntle, they are agrzad that in

the upper mantle, where conditions most resemble the moon, it is the principal

limiting absorption mechanism.
Another mechanism, that of electronic absorption by transition

metal ions, has also buen considered by Clark, .and Lawson and Jamieson,

‘They conclude that, due to the position and intenaity of .such bands, this

type of absorption is not very important in radiative transfer. The same
«rguments could be applied to exciton absorption which should be entirely

unimportant.

Avthur B, Wittle Fue,
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From the above qualitative arguments it should be apparent that,
while existing theory may be able to indicate what the significant absorption
mechanisms are, there are so many complicating factors that prediction of
detailed variation of the conductivity of most minerals at high temperatures
and pressures is uncertain.

In addition to absorption photon transmission may be limited by
scattering. Lee and Kingery (1960) have shown that in sintered polycrystal-
line oxides the major factor limiting infrared transmission is scattering
by porosity but at the pressures encountered in the moon, porosity cannot
pe a factor. Clark (1957a) has pointed cut that in the earth, scattering
may be more important than absorption in materials such as olivine. When
we remember that in our wode¢” the mantie does not consist of pure olivine
the importance of considering scattering is at once apparent.

Neglecting ebsorption effects, the transmission of a transparent

solid containing isolated scattering centers may be written

dI/dX = -KNsI (2.16-13)
= -SI
where I is the intensity of the radiation;

N 1is the number of scattering centers per unit volume;
s 1is the effective scattaring cross section of the particles;
K 1is the total scatteriiz coeificient.

K is a slowly varying function of the dimensionless parameter
p = 4rz(m-l) ' (2.16-14)
A

where A is the wavelength in the matrix and m is the relative refractive
index of the scattering center and the matrix.

Let us counsider a rock consisting entircly of olivine, pyroxene

"and plagioclase feldspar ir which the plagioclase makes up about 107 by

volume of the rock.: Following Lee and Kingery the scattering coefficienc
S§()) may be written as ] )
' KV, /4r (2.16-15)

where VB is the volume fraction of the scattering material.
When |p| 1s large.
KQA) ~ 2 ‘ (2.16-16)
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Neglecting effects of anisotropy we may take the index of refraction of
plagioclasc as approximately 1.56 and the comuined olivine and pyroxene as
1.66 (Rodzers and Kerr, 1947). If the relative indices remain about the
same in the ‘infrared
m ~ .94 _

and Ip] ~ .757 /. {2.16-17)

It is sufficient for ovr purpose to ncte that Ip| > 1 when the
radius of the particle ig greater than several tens of microns. It would
seem that because of the long times avaiiable for crystallization in the
moon, the grain sizes of the major minersals would not be much smaller
than this.

For a fixed volume percent of scatterirc centers, as long as
the particle size is large compared to the wavelength the mean free path
will be essentially independent of temperature and invessely proportional
to the particle radius. Mean free paths for photon scattering of a mixture
of 10% plagioclase and 90% olivine and/or byroxene for several particle
sizes have been estimated and are shown in Figure 2.16-2., These are of
course independent o temperature. If the particle sizes of the plagioclase
is of cthe order of 1 mm then the mean free path will be of the order of a
centimeter. This is essentially the ssme order of magnitude as Clark
(1957b) has estimated assuming crystal diameters.the order of a centimeter
and scattering by all the crystal boundaries. While the scattering estimates
are by necessity quite crude they indicate that this may be the most signi-
ficant factor in determining thermal conductivity. .

2.164 Thermal Conductivity of the Model

Based on the above discussion we have adopted a standard phonon
Log=) at 273°% and which

is inversely proportional to the absolute temperature. This corresponds

conductivity kp which is equal to .055 watts cm

to the phonon conductivity for olivine reported by Kingery et al (1954).

We have assumed any electronic coatribution to heat transfer is negligible.
Because of the uncertainty in the magnitude»of the photon mean free path

we have not selected a fixed value but rather have teen forced to consider

a variety of values. We have, however, imposed the condition that the
photon mean free path is proportional to the temperature. This approximates-
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the form to be expected if absorption rather than scattering dominates and
the mean free path is controlled by the movement of the blackbody function
away from the infrared edge as the temperature increases. While a constant
or a more rapidly changing photon mean free path might be more realistic we
feel that the uncertainties in the data arec notentially a séurce of much
greater error than the choice of the temperature variation of the wmean free
path.
The standard total conductivity theu is given by

kK = k T /T + 160n2TE(T )/T (2.16-18)
p o o’'"o

Substituting an index of refraction of 1.7 which we have adopted
as standard for the hybothetical moon model and the standard value of kp at

'273° into (2.16-18) yields

k = 0.055x273/T + 8.74x10-11T42(273’K)/273 (2.16-19)

in watts/cm °K. Except when constant conductivities have been used to
illustrafe specific points this form has been used for all thermal calcula-
tions.

2.17 Standard Model Parameters

As a basis for calculations of volcanic history we selected a

get of standard parameters to approximate the significant physical properties

of a moon whose composition is equivaleat to combinations of basalt and
dunite in the ratios of 1:3, 1:4, and 1:5, The values of these parameters
are summarized in Tablz 2.17-1. It should be apparent from the preceding
&iscu;sion that each specific value chosgen is onli an attempt to provide

a realietic first approximation to the average behavior of the material in
the interior of the moon under the pressure and temperatures likely to be
encountefed. As our understanding grows each parameter will have to be re-

fined until complete agreement between observations and theory is reagheé.
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TABLE 2.17-1

STANDARD MODEL PAPAMETERS

Radius

Uranium content in basalt

Uranium content in dunite

Specific heat

Heat of fusion for basalt fraction
Melting temperature at 1 atmosphere
Slope of melting curve

Basalt density

Dunite density 2
Phonon conductivity at 273°K

Index of refraction

Photon mean free path at 273°K

Basalt to dunite ratio
Uranium content in mixture, ppm

Mean density, gm/cm3

61

1700 km
0.2 ppm
0.0

1.1 joules/gm deg
500 joules/gm
1500°K
11.0°R/kilobar
3.0 gm/cm3

3.42 gm/cm’

.055 watts/cm °K
1.7

Variabie

1:3 1:4 1:5
.05 .04 0.03

- 3.33 3.33 3.34
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1 2.2 MAGMA GENERATION ON THE MOON

,; We have assumed in our model that vnce magma is formed .t is imme-

diately trensported from the region of generation to the surface. Magna
generation, igneous activity, and volcanism thus become different aspects
of the same phenomenon and for the purposes of this section we shall use

the three terms interchsngeably. The nature of magma generation can

s o Osar iR

best be understood in terms of the way it should aci to contyol the

internal temperature distribution of the moon. We shall therefore look

briefly at this aspect before proceeding with a discussion of the volcanic

history.

2.21 Role of Volcanism in Thermal History

On a planet which is heating by radioactive decay two factors,
thermal Eonduption and volcanism, compete to keep the planet from melting
entirely. While thermal'conducticn has been intensively studied, the
role of volcanism has been lurgely neglected because it contributes little
t; the total heat flow. . ‘
To isolate the effects of volcanic activity let us consider what
: would happen if the moon had all the properties of the standard model
(Table 2.17-1) except for a comnstant thermal conductivity of .02 watts/cm °K.
Such a conductivity is typical of rocks measured at the surface, but lower
thaﬁ that to be expected at depth. Figure 2.21-1 shows the predicted
present temperature distribution under the followiag conditions:
a) Melting is neglected (Model 40) ’
b) Melting is allowed but the magma is not free to migrate (Model 41)
c) The magma can migrate to the surface where it cools but heat
sources are not preferenticlly concentrated in the melt (Model 42)
d)A Same 88 (c) but the heat sources are concentrated in the melt
(Model 43).
For. computational reasons sc-called '"present" temperature distribu- .
tions actually represent the temperature 0.1x10° years in the future for
a moon which was at 273°K 4.Sx109 years ago.
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Examination of Figure 2.23-1 shows that near the surface the tem-
perature distributions for all four assumptions are very similar. Below
about 500 kilometers, where the melting temperature is reached, the
temperatures developed under assumption (b) gradually begin to fall below
those for the assumption (a) until near the center the difference is
about 80°. This is approximately the temperature difference which would
be expected by allowing for the heat of fusion of 1/6 of the material.
The temperature differences between (c) and (b) are similar but in (c)
an additional temperature drop of several tens of degrees has resulted
from the replacement of .he extruded lava by cooler material from the
layer above. Case (d) where the heat sources migrate with the melt
differs considerably from the other three in that the temperature hés
stabtilized itself aiong the melting curve of the "basalt™ phase.

. For simplicity in programming the model we have assumed that after.
magma is removed from a layer, material with the average composition and
average temperature of the<lgyer above it is mixed in to take its place.
Magma extruded on to the sur%ace will be mixed throughout the entire
thickness of the uppermost layer. These assumptions will sometimes lead
to an apparent diffusion of extrusive basalt downward into the mantle
rather than the more realistic accumulation at the surface. As the com-
puter program has been designed to keep track of the total thickness of
material extruded, one is able to compare the basalt concentration for
the mixing model with that resulting from surface accumulation alone.

The present basalt distributions for Model 43 computed for each of the

- two different assumptions are compared in Figure 2.21-2. Both predict

a concentration of this fraction negr the surface, but the mixing assump-
tion results in a distribution over a greater depth than is perhaps
realistic. However, as long as this assumption does not result in the
prediction of an unrealistic amount of remixing of the extruded lava
into a region where it is remelted and re-extruded, and effect on the

prediction of magma generation should be negligible. .

The influence ef thermal conductivity on volcanism can be illustrated

by seeing how each of the four present temperature distributions,
illustrated in Figure 2.21-1, would be altered by increasing the’
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conductivity to 5.5 x 10'2 watts/cm °K. Present temperature distributions

for Models 44 through 47, corresponding to 40 through 43 except for the

greater conductivity, are plotted in Figure 2.21-3. When volcanism and
differentiation of heat sources are assumed, the temperature remainas
below the melting temperature of the basalt as bhefore, but because of

the increased efficiency of conduction, magma generation has only been

required below 1000 kilometers. Even below this depth less differentia-
tion has been necessary to keep the planet from exceeding the melting
; temperature of the basalt phase (Figure 2.21-4) and so the resultant
. "erust" formation has been much less complete. The term "crust" in this
sense has been used by analogy with the terrestrial oceanic crust whose
seismic velocity is consistant with it being primarily basalt.

The above examples have been chosen to illustrate how volcanism
acts as a safety valve when normal thermal corductivity alone cannot
remove all the heat which is generated. Viewed this way many of the
effect of changing various parameters become intuitivelv obvious. While

a constant thermal conductivity has been chosen for siamplicity in illus-

.y
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trating the safety valve analogy, the same affects are observed when the

conductivity is assumed to be temperature dependent,

s

2,22 Volcanic Parameters

Satisfactory functions for the quantitative description of

volcanism should be easily relatable to the volcanic features observable
at the gurface and to the thermal history of the planet.

To describe the intunsity of volcanism we have selected two such
functions, the rate ét~wh1ch heat is being broughé to the surface per
unit surface area Pv(t), and the volume of lava being supplied per unit
time per unit surface area Fv(t). The two are approximately related‘Py
the expression

P, = ‘[(To - TL)c + z}va (2.22-1)
where
vTo is the surface temperature
'1‘L igs the lava temperature
¢ 1is the average specific heat
N - £ 18 the latent heat of fusion of the melt
p 1is the density.
L]
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In the derivation of equation (2.22-1) aud in the numerical simula-
tion of generation we have neglected any possible interchange of mass
and heat between the melt and the mantle through which it is moving. As
discussed in Chapter 3, this interchunge is pvobably very important in
the mechanics of migration but reglect of it should not be expected to
significantly alter the main conclusions of the study of generation.

By integration of the volcanic heat flow and the lava flow rate,
one can derive the total volcanic heat energy Ev(t) and the accumulated

iava or '"crustal" thicknesst

Ev(t) ‘= f Pv(t)dt (2.22-2)
) fo

L\,(t) =f Fv(t)dt (2.22-3)
tO

Combining (2.21-1), (2.21-2) and (2.21-3) yields
E, = (T, - T,)c + £}l (27.22-4)

Use of equation (2.22-4) allows one to estimate the cotal volcanic
heaf flow from the tntal thickness of volcanic rocks present. For
example, if we were to apply this to the earth's crust with standard
model parameters (Table 2.17-1) the extrusion of 10 km of baéalt should
produce about 5.5 x 109 joules / cmz. If this extrusion were uniformly
distributed over the life of the planet it woul: have resulted in an

8 watts per square centimeter,

average volcanic heat fiow of 4 x 10~
which is fur less than the present rate of terrestrial conductive fiow,
6 = 10'6 watts per syuare centimeter.

Before attempting to answer the question, 'When d4id the volcanism
take place on the moon?" it is convenient to identify several times
associated with significant stages in the development of the function
Fv(t). With no apriori knowiedge of the behavior it secme appropriate
to consider what might happen cn a hypothetical undiffererciated planet,
whose initial temperature is everywhere below the melting point of the
potential volcenic phase (Figure 2.22-1).

Before the time tg whea volcanism starts F (t) will be zero.
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Significant times in the volcanic history of a planet.
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After ts,FV(t) will increase until it reaches a maximum F, .. at a

time w2 shall call tygy after which it decreases and finally ceases at

time t_.. The times at which F (t) =F, max/2 we shall define as t,

for F(t) increasin ; and ty for F(t) decreasing. The three parameters

Ata = thax " ta (2.22-5)
Oty =t - € ax
Atgy, =t =t

provide a measure of the duration of the most significant part of the
volcanism.

Because of the ease with which an approximate correlation may be
made between the two functions P, and F,, we shall normally refer below
only to F, recognizing that much of the discussion below is equally
applicable to Pv‘

There will be, of course, small differences between t tb’ and
Cax 28 defined with reference to Fv and the corresponding times defined
with reference to P, but the differences are small enough that we may
neglect them.

2.23 The Onset of Volcanizm

We shall first consider the starting time of volcanism t;. Although S
the use of a computer is useful for understanding fine details of the Cs
volcanic history many of the features are predictahle from a much simpler o
model. iz

A portion of the moon with density p and specific heat ¢ which is

NTR TRy

far enough from the surface that conduction has not yet begun to remove

TR TSN

f,“: w\‘ )

a substantial amount of heat from it will reach its melcing temperature
Tm when

t

8

Qc(Tm-To) = f q(t) dt (2.22-1)
to

i
i

where t, is the time at which the planet's temperature was Tys -
g(t) is the rate of heat production per unit volume.
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Now q(t) may be written in the form
(t) = A -
q{t) (%mi Cyi) 9 (B) (2.23-2)

where CUi is the conceatrstion of uranium in the i th component, m; is
the mass of the i th component per unit volume and q*(t) is the thermal
power supplied by all! the radioactive isotopes per unit mass of uranium
remiining at the present time.

An algorithm for computing q*(t) in watts per gram for a material
with the standard isotope ratios may be obtained by comparing equation
(2.23=2) with (2.12«5). For convenience in later calculations we have
plotted the function ¢q*(t) as Figure 2.23-l.

Substituting equation (2.23=2) into (2.23-1) yields
t

s
pc(Tm - To) / %miclu = f q*(t) d« (2.23-3)
t0
= Q'(ty)

By comparing the function Q*(t), for the standard terrestrial
isotope ratios (Figure 2.23~2) with the function on the left of (2.23=3)
one can estimate the time at which generation should be expected ic
begin. For example, suppose a region of the moou with the standard
isotépe ratios and thermal properties contains a mixture of 0.557 grams
of ﬂaaalt per cm3 and 2.278 gréms of dunite per cm3 for a toral density
of 3.34 grams per em>. I£ 0.2 x 1078 grams of uranium are associated

with each gram of basalt and the specific heat of the material is 1.1

_joules/gm deg, the heat output per gram of uranium required to heat from

273°K to 1500°K will be

Q* = 3.34 x 1.1 (1500-273"
0.557 x 0.2x10°6

= 4.05 x 10710 jocles per gram of uranium,
From Figure 2.23-2 we see that this amount oI heat has been generated
about 1.9 x 10° years after the tume of formatior..
As te in equation (2.23-3) has been derived on the assumption tﬁat

72

drthur 8. Listle Fne, v

- sy
P

b e




807381 2403087 [PT1I693193 YIIM [BII938W I0F
wnjueln pautsjuos Ayjjussexd yo wead xed ¢(3)yP ‘uorionpoad jeay jo ajey 1-€2°7 TEANOIA

SYV3A el ‘AN3S3¥d 340434 3WIL

G0 Q' gl - 02 ¢2 _ Of GE 34 St
T _ _ T _ T _ T
ol —1°
j‘
e
-
_ _ | | 1L | L |

Lo B ok S e B cr S B g [ e I o~ B v R s I vevtcs S e Y < coyos SR o B~ |

WNINVYN 40 WVNO ¥3d Silwm 0l

73



Eg— N S " e v —— | SR td i

*so1jea adojnst
187131891193 Yitm oBe saeal §-01 * §°% pewlioy swa Yoty {BTa938W I03F
wnyuBIn paureauod A3ussexd yo wead xad €(3),D *pesesta1 L7 .o (E30L Z-€£7°7 |WNAO14

SYv3A Ol ‘IN3S3¥d 340438 3WLL

o ol 02 o€ oY
T T 2 _ T

A

1 . . v . el * "

N 4o woib/seiol O ‘ADHINI

74

e o o S N . N A N .
AR S0t ST i s Liaf339 o A BN W1 s 5 b et e o) o e

.oy

A 4

| ’&w :



]l el R

.

e

- ‘ e vens i ‘».n..

[
+

[

3 aresengst
W e oh

o
(-

i

no heacr has been conducted away, use of it to estimate the starting
time might not be expected to yield particularly accurate results. 1In
fact, if the depth where the m2lting curve is first reached can be
estimated, use of the melting temperature at this depth in conjunction
with equation (2.23-3) and Figure 2.23-2 usually predicts values of

ts’ which are very close to those given by the more sophisticated com-
puter calculations, which allow for the effects orf thermal condu~tivity.

2.24 Duration of Volcanism v

There are two factors influencing the duration of volcanism: the
time necessary to melt and remove all the basalt from a given depth, and i

the increase in the starting time of magma generation with depth as a

M Al we L

r2sult of the increased melting temperature. The actual duration of

volcanism wili Ue determined by whichever of these two effects dominates.

ENTAN

Let us first consider the time necessary to remove basalt from a

given region. Once a region reaches the melting temperature, if no heat

[ R S

is being lost by conduction and if the basalt is removed as soon as it

is melted and replaced by material which has no heat sources, the rate

of generation of magma will be

LY PRIWIT DRers 70

- dmp/dt = Cgm q*(t)/z (2.24-1)

where CUB is the concentration of uiranium in the basalt §

my is the mass of basalt in each cc.

If the melting temperature does not change signiricantly with “apth, -

equation (2.24-1) predicts that magma generation should commence abruptly

tax = ta = g } (2.24-2)

apd ar, o= 0 7 '
If q*(t) does not change rapidly with time in the neighborhood of ty

m, = mB(ts) exp[ - Cuq*(ts) (t - ts)/Z] (2.24-3)

Equatione (2.24-1) and (2.24-3) indicate that in the absence of
significant conduction losses the rate of magma generation which will be :
proportional to the amount of basalt remaining and to the concentration
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of heat sources in this basalt, should decrease exponentially with a

relaxation time 7 of approximately
T = g/cUBq*(ts) (2.24~4)

For exponential decay the half-life, which would correspond to Atb

defined in equations {2.22-5), is related to the relaxation time by
Atb = ,693 1
= .693/Cpq*(ty) (2.24-5)

For standard isotope ratios and a uranium concentration in the basalt of
O.2x10'6, if melting takes place 2 x 109 years after the tiﬁe of forma-
tion, the relaxation time of magma generation should be about 120 x 106
years and Aty about 80 x 105 years. If melting starts either very early
or very late in the moon's history, we would expect Oty to be decreased
or increased, respectively, by about a factor of two.

: We now turn to an examination of the effect that the intrease of
melting temperature with depth will have on the duration of volcanism.
While in our model the melting temperature for the "basalt" fraction
extends from 1500°K at the surface to nearly 2000°K at the center, most
realistic assumptions for “he counductivity imply initial magma generation
at depths where the melting temperature is greater than 1800°K.

For the standard model with a total uranium concentration of
3.3 x 10-8 grams per gram in the pyrolite, the time necessary to heat
to 2000°K is about 700 x 10° years longer than the time to heat to 1800°K.
If the uranium concentration is increased to 4.0x10°8 or 5.0x10-8, the
Heating interval decreases to 400 x 106 years or 300 x 106 years, respec-
tively. These times are somevhat loager than those necessary to re-
move basalt from a given depth and might be expected to increase Aty
considerably above the estimates predicted from equation (2.24-3).
The change of time of initial melting with degthimight also make At
significant, although the decreasing volume of basalt with decrearing

© distance from the center of the planet combined with a relatively rmall

melting temperature gradient might act to maintain At8 smail. The

manner in which the melting temperature gradient and heat conduction
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combine to affect the volcanic history is best predicted by numerical

simulation using the digital computer.

2.25 Computer Simulation of Volcanic History and Crust Formation

We have used the computer program to investigate the thermal histcry
of a number of models of the moon of three different compositions. The
different compositions were obtained by mixing basalt with a uranium
content of 0.2 ppm, with different amounts of dunite containing no

uranium. For each composition the phonon ceonductivity was assumed to be

kp = 0.055 273/T (2.25-1)
the radiative conductivity was assumed to be given by
k =16 n’ 0T’k (2.25-2)
3
where - -
£ = 8273° x (T/273) (2.25-3)

The use of expression (2,25-3) is intended t> approximate the form
of the increase of the mean free path with temperature as a result of
the shift of the black body away from the infrared edge of the absorption
spectrum and implies that absorption rather than scattering provides the

main limitation to the photon mean free path. The extreme uncertainties

associated with this assumption have already been discussed in Section 2.16.

We have already pointed out that the starting time of magma generation
in a moon of uniform composition should depend only on the total concen-
tration of heat sources, the temperature at the time of formation and
the thermal conductivity. Figure 2.25-1 shows the predicted times at
which volcanic activity should begin in terms of the uranium concentra-
tio~, and the photon mean free path at 273°K. It is apparent that if
magma generation takes place at all, the starting time t. will be much
more sensitive to the uranium content than to the thermal conductivity.
Thus, age determination on "early" volcanics, combined with uranium
contents, determined either from sampling of the "pre-volcanic" lunar
surface or from heat flow measurements, should make an almost unique
estimate of the moon's temperature at the time of formation possible.

If such a determination is considered tc¢ be important in the objectives
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of the Apollo, or subsequent programs, careful sample selection by the
astronauts with regard to the stratigraphic relationships would appear

to be required. 1Inm Figure 2.25-2 we have plotte¢ the volcanic intensity
function Fv(t) for the same models whose starting times for magma genera-
tion have just been discussed. All the models show a sharp onset of
voicanism with Ata so sharp that the computer output at in.zrvals of

200 million years has shown a significant portion of the rise time only

in two of the models with low uranium contents. It is interesting, but

not surprising, to note that after generation begins all the functions Fy(t)
for a given composition decline very rapidly along almost identical curves.
Aty
the affects of the melting temperature gradient predominate, As would

for these curves is of the order of 3 x 108 years, confirming that

he expected, increasing the amount of basalt while keeping the uranium
concentration in the basalt constant will both increase the intensity
of volcanic activity and make it take place earlier.

The total thickness of basaltic extrusives and intrusives which
remain on the moon's surface should provide another clue to the moon's
thermai history. Figure 2.25-3 shows the predicted integrated thick-

ness Lv of the igneous rocks as a function of composition and photon
mean free path. It is interesting to note that for all the models in-

vestigated there is a rather simple, almost linear relationship relating

the "crustal thickness" to the photon mean free path.
- 7-
Lv(z) = LV(O) - 7.5x10 ¢

Lv(z) >0

where Lv and ¢ are both measured in centimeters.

2.3 SUMMARY OF MAGMA GENERATION INVESTIGATION

On the basis of the above discuseion we would predict that if the
moon'§ compogition is essentially the same as the'earth's upper mantle
then it is entirely likely that magma generation has played an important
role in its thermal development by transferring radioactive heat sources
along with basalt magma from the deep interior to the surface.

While lack of experimental data on the thermal conductivity of the
rocks at high temperatures prevents prediction of the exact amount of
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volcanic activity, we believe that if volcsnism has taken place on the
moon it reached its maximum intensity within less than 108 years and

then deciined approximately expouncatially witn a half life of the order
of 3 x 108 years. It wculd appear that if aetronauts can obtain a

sauple of the primeval surfice materizl and an "early” volcanic rock an
almost unigue estimate of the moon's temperature at the time of formation
should be possibie.

We have not extended our calculations to a moor of either entirely
basaltic or entirely granitic composition for sevseral reasons. 1Ir the
first place, both ¢f these assumptions appear to us to be incompatible
with the observed densizv. 1In addition, it wculd be necessary to predict
the manner in which the radioactive isotopes will distribute themselves
in various fractions of the basalt or the grauite and then set this
equivalent to the low melting fraction. This would involve a lengthy
detailed study of the same magnitude as was necessary to determine the
melting relationships of the 'pyrolite" composition. TIf we recail that
the main evidence for a granitic moon results from the hypothesis that
tektites are fused ssmples of the moon's surface, then we believe that
there is ample evidence that near-surface differentiation of the primary
basaltic magma can form granitic c. ranyolitic iavas. This evideuce will
be discussed in the f£ollowing chapter.

We have also neglected tidal effects on generation. Kopal (1963)

has shown that if the moon tuuld waeinizin a viscesity of 1018

poises it
could generate an appreciable amount of heat. The only regions of the
earch?’s mantle where such a low viscosity might be approached is in the
reighborhood of upper mantle low velocity zones (McConnell, 1963, 1965)
wiiere the melting point of basalt is probably approached. Thus, the
only time we would expect the effective viscosity of the moon to drop
as low as 1018 poises would be when melting was about to Legin anyway.
Ary tidal Feating at this time would probably just speed up the already
rapid magma generation.

Kaula (1963) has discussed tidal dissipation of energy if the moon
had a Q of 100 for distortion (Q is the ratio of the energy stored to
the energy dissipated per cycle). He concluded that, compared to radio-
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active heating, the rate of tidal heating for the present orbit should

be insignificant. While we do not wish to speculate on the past orbhits

of the moon, it is possible that if the moon were partially molten at

some time lower wvalues of Q would cause an increase in tidal diesipation
for the present orbit. Presumably. ss mentioned above, any significant
heating under these circumstances would only act to speed up the expulsion

of the basalt phase after the melting temperature was reacned.
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3. MAGMA MIGRATION

Ta this chapter we shall be concerned with the mechanics of moving
a melt from the "primary" magma chember where it is generated to a
"secondary’ magma chamber near the surface of the planet, where it
either cools as an intrusive or from which it is erupted as an extrusive.
3.1 EXPULSION OF MAGMA FROM PRIMARY MAGMA CHAMBER

In the discussion of magma generation we pointed out that if a

small amount of melt were produced in a region where the pyroxene-
olivene mineral assemblage is stable and then the pressure were suddenly
decreased to a level where plagioclase, pyroxene and olivene were stable
minerals the amount of melt should almost double. Although this behavior
would seem to be in agreement with the popularly accepted theory that
magmz generation results from a sudden pressure release, it has been
difficult to envisage how a large enough release can take place.

Turner and Verhoogen (1960) have discussed this problem in s. 1e detail.
Many of the difficulties of the pressure release hypothesis can be
eliminated by postulating a local pressure increase prior to the
decrease and expulsion cf magma. It would appear to us that such a
pressure buildup is a necessary restit of partial melting of pyrolite

‘ at pressures of the order of 20 kilobars; the pressures under which

Hawaiian magmas are likely formed (Eaton and Murata, 1960).

The tvpe of process which we envisage taking place is portrayed

e

in Figures 3.1-1 and 3.1-Z. Consider a region which is initially below
its "solidus" temperature. Upcn heating & ove the solidus temperature,
unless some of the liquid can escape, the pressure inside the region
will increase rapidly as a result of the volume change on melting.

If heating is localized in the neigh. sthood of the chamber the increase
will continue until heating stops, until shear fzilure extends to the
surface, or until an open fracture is formed in the wall rock allowing
the melt to excape. Of these possible methods of stress relief the

- only one which is likely to permit a magma to move to the surface is

the open tensile fracture.
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In order to see how such a fracture could be produced let us
consider the effects of a pressure increase within a cylindrical or
spherical primary magma chamber which is small compared to its depth
of burial (Figure 3.1-1). Assuming that the pressure in the chamber
and wall rock is p before heating starts and that the walls are rigid
enough that appreciable shear stress release cannot take place within
the Lime necessary to cause meiting, the stress acting across a radial
plane in the wall rock at its contacr with the melt will be zero when
the pressure in the chamber is Zp (see for example, Sokolnikoff, 1956,
p- 287, 395). Once initial fracturing has taken place the tendency

for an increase of the melt with any decrease in pressure would be

- expected to maintain high pressure and cause the facture to continue

to propagate toward the surface.

In Figure 3.1-2 we have reproduced part of Figure 2.13-6 showing
the predicted melting behavior of pyrolite-1:3. We have indicated by
the dashed line (a,b,c) how we would expect the pressure in the system
to change as it is heated through its melting range. If the starting
pressure were 20 kilobars, above the solidus temperature (point a) the
pressure would increase simultaneously until the pressure is great
enough to cause tensile fracturing in the surrounding region (b). As
rocks are normally very weak in tension this pressure would not be
expected to exceed 40 kilobars. As soon as a fracture forms, which is
large enough that melt can flow easily into it, the high stresses
caused by the melt at the tip of the fracture will cause it to enlarge.
As the magma is expelled from the chamber the pressufe will tend to
drop, but a pressure decrease favors a rapid increase in the melt
volume (c); thus the pressure tends to remain high and favors the
propagation of the crack and eventual out-flow of magma.

3.2 MAGMA MIGRATION THROUGH DIKES
After leaving the primary magme chamber the movement of a melt

is controlled by its viscosity, thermal properties and the pressure

gradient. We shall first attempt to derive a simple theory illustrating

how these factors interact to influence magma migration and then make
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use of available data on the viscosity and other properties of basalt
magmas to examine the implications of the theory.

3.21 Pactors Influencing Migration Through Dikes

Consider an 1dealized vertical feeder die of width 2w
connecting a4 source of incompressible magma at depth with the surface
(Figure 3.23-1). Lei us choose the densities of the wall rock and the
melt to be P, and Pp? respectively, the z axis positive upward, and the
x axis normai to the walls of rhe dike. If the magma deforms like an
incompressible Newtonian liquid, and the flow is sufficiently uniform
that accelerations may be neglected the equations of motion may be

written
%(' (Tl(X) %) =pg + ‘S‘S (3.21-1)

where

is the velocity
is the wviscosity of the magma

is the gravitational acceleration

o e 3 <

is the precssure normal to the z axis

To determine the pressure gradient we note that the pressure
at a depth h outside the source region for the magma is pwgh. If the
source region canaot support shear stresses of the order (pw-pm)gh,
which, assuming a 10 percent volume difference,will be about 10 percent
of the total pressure, the hydrostatic pressure in the chamber will be

pwgh and the pressure gradient in the column will be given by
opfdz = -0.8 {3.21-2)

Equation (3.21-1) may then be written
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2 (n(x) g—‘;) = (0,70,)8 (3.21-3)
-5,

where ; 2 is then the effective pressure gradient driving the liquid.
2

Integrating (3.21-3) with respect to x we find that

- X
n _ P f )
< o dx (3.21-4)
- 5, %/

and the rate of heat generation per unit volume is given by

q(x) = n(x) (av/ax)2 (3.21-5)
= (;,z)2 len(X)

Thus, if the viscosity is uniform over the width of the dike the
greatest power generation will occur near the edges.

The total heat generated over the entire width of the dike

is given by

- 2% 2

Qﬂ(x) = (p z) X dx (3.21-6)
’ o 1(x)

if the viscosity is uniform everywhere

G ) v
Qn(x) - --—‘-————Bn (3.21-7

The flow velocity v may be obtained by integizting (5.21-4)

once more with respect to x yielding
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X

v(x) = -S,zof j‘l—(f-;)- + v(0) (3.21-8)

If we impose the condition that v(x) is zero at the outer boundary,

(3.21-8) may be rearranged to
w

- x dx
= - T (3.21-9)
v = p [ e (3.21-9)

If the viscosity does not vary this reduces to

vix) = -;;,z(wz-xz)/Zn (3.21-10)

L e

If the viscosity is not uniform everywhere the equation (3.21-9) must
g be evaluated numerically.
The net flux of material, V, through the dike may be obtained by
integrating (3.21-9) with respect to x yielding
w

Viw) =/ v(x) dx (3.21-11)

o

which for a constant viscosity reduces to

V(w) = -p . w3./3n (3.21-12)
bl

WG P

Again, if the viscosity is not constant V(w) must be evaluated numeri-

N cally.
Let us consider a dike whose temperature is sufficiertly
i uniform that the viscosity and temperature do not change appreciably
1 _over the width of the dike. Then the total flow can be written
Vo= Ve, n(D), v (3.21-13)
2
90
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and
dt > dt on or dt ow dt )
2

Ir view of our simplifying assumption of relatively uniform viscosity

and temperature within the dike, we may write from (3.21-12)

N/p , = > 3 (3.21-15)
and
- 3, 2 .
V/m = p , W /30 (3.21-16)
Njaw = -p ) wi iy (3.21-17)

b

Now under the assumptions of relative uniformity
dT/dt = Qm/pcw (3.21-18)
= (Qn-Qw) /pcw

where Qm is the heat being retained in the melt and Qw is the heat
being lost to the walls by conduction. If the temperature of the magma
increases, the walls will begin to melt increasing the effective

width. We may write
dw/dt = szm/pE (3.21-19)

where f is some function of the dike geometry flow rate, etc., which
is equal to one if all the heat is used for melting and is zero if no
melting takes place. Substituting equations (3.21-15) through
(3.21-19) into (3.21-12) yields
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2 [ dp p 2
& _ow (__.1.7; + == (.:\i_ L ﬁ'rl) (Qm-Qw)> (3.21-20)

As long as the function y defined by

dp P 2
LY SLSY 1 iif__.l_én) . -
Y ac t o ( 2 ne oT (Qq Q) (3.21-21

is negative the flow rate will increase.
Let us first consider a fissure through which magma is

being driven by a fixed pressure gradient. As long as
(3f2 1 Em)
= - ne o (Qn-Qw) >0 (3.21-22)

the flow rate will increase with time. As the heat of fusion is
positive and, except for one important case which will be discussed
later, On/OT is usually negative under constant pressure gradient

conditions, the condition for maintaining dike propagation reduces to

Q-Q) >0 (3.21-23)

Now we may take as a rough estimate
Qw ~ k(Tm-Tw)/w (3.21-24)

where Tm and Tw are the temperatures of the melt and wall, respectively.
Substituting (3.21-7) and (3.21-24) into (3.21-23) and setting the

latter to equal zero yields

(T_-T,) 37
w' ~ R (3.21-25)
(® ;)

If the viscosity is known tils should give a rough estimate of the
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minimum size fissure through which a magma can move under the effective

pressure gradient ; 2 As the wall rock begins to warm less heat will
2

be conducted away and (Qn-Qw) will tend to become more nositive and,

once established, the width of the fissure will grow indefinitely until

Pty

(R

\tonsd

‘N e = o

the flow rate is limited by the rate at which magma can be supplied by
the reservoii depth.
Let us now comsider what will happen when the flow rate is

fixed. Then y = 0, and

dp P, 0 43
Tt "S’z'\li— - ,]L; %}) Q) =0 (3.21-26)

For the normal decrease in viscosity with increase in
temperature the pressure gradient will adjust itself until the heat
generated 1s just .qual to the heat lost fiom the sides, that i3 until

(Qn'Qw) = 0 (3.21-27)

If heat is being produced faster than it can be conducted away the
temperature of the welt will increase causing the vis~osity to drop

and the walls of the fissure to melt away. Both these effects will act
to make (Qn-Qw) more negative while decreasing magnitude of the pressure
gradieat. Thus if a migrating magma encounters a construction or
barrier which locally increases the presesure gradient the rate of heat
production will increase until the oﬁstruction is assimilated and the

gradient returns to its normal value. This process would appear to

provide a possible explanation for the ex.remely uni.orm widths observed '

in intrusive dikes. To see whether the predicted effects are of the
right order of magnitude we must first consider the viscosity of basalt

magmas.
3.22 The Influence of Viscosity on the Migration of Basalt Magmas

3.221 Viscosity as a Function of Temperature

The available data on the viscosity of basalts which we
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consider most reliabtle is summarized in two papers: in the fixst of

these Mackenzie (1957) has presented his own and previously reported

work by Bockris, Mackenzie, and Kitchener (1955) on binary mixtures of
clkali and alkaline earth metal silicates. These studies showed that
there is a small viscosity difference between an alkali metal silicate

and an alkaline earth silicate, and that viscosity varies with the silica
to metal oxide ratio. They also showed that each of the alkali meta’s

is equivalent in its effect. Similar behavior was found for the alkaline
earth metals. Mackenzie has developed an empirical wethod for calculating
the viscosity of an MEQ-MO—SiOZ system.

In the second paper Turkdogar and Bills (1960) have presented a
critical review of work on the CaO-MgO-AlEPS-SiOZ system by Machin and
Yee (1948). Machin, Yee and Hanna (1952) and by Kozakevitch (1959).

They have also developed in their paper an empirical method of calculating
viscosity for a given composition in this four component system.

We have used the data from these two papers to estimate the viscosity
variation of the standard basalt component of the pyrolite. For purpoées
cf our estimation, we have simplified the composition of this basalt
(Table 3.2¢-1) to that given in Table 3.22-11. Mackenzie (1957) discussed
the discrete ion theory of silicate melts and accounted for tne difference
between alkali and alkaline earth metal silicates and the equivalency

of different alkali metal o1 alkaline earth cations on the basis of the

" cation charge. On this basis, and since we believe that iron exists in

basaltic magma primarily as ferrous ion, we have lumped the Fe0O, MgoO,
and Ca0 contents of the basait as MO in Table 3.22-11. The Na 0 and K.0
contents reported in Table 3.22-1 are presented as M,0 in the simplified
composition. We will first assume a water free melt and will ignore the
minor constituents of basalt such as MnO, 2205, and Tioa. It is evident
from the values in Table 3,22-11 that the MO/MEO ratis is better than
10/1. The data presented by Mackenzie indicates that this amount of
Msp would decrease the viscosity which we would have calculated assuming
the metal oxide content as all MO by only a few percent. Therefore we
have mad~ this assumption and used the correlations of Turkdogen and

Bills (1960) to estimate the silica equivalent of alumina based on the
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Oxide

Sio
Mg0
FeO
FeQCQ

Al O
28
Cal

Na_ O
2

T10
2

Siq2
-Alea
MO

MO

TABLE 3.22-1

Standard Basalt Composition

7.86
8.89 11.59
3.02 as FeO
14.35
10.58
2.43

.88

.19

.31

.83

2.33

TABLE 3.22-11

Simplified Basalt Composition
Moles
<805
141
.048
. 546

95

Moles/100g

.805
.195

.162

.141
.189
.039

.009

Mole Fraction

.523
.091
.031
. 354
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molatr ratio A1203 /M20 + MO.

From data in their paper we have drawn the curve given in Figure
3.22-1 as our estimate for the varjation of the viscosity of a typical
"dry'" basalt in the temperature range from 1200° to 2300°K. We have
also shown on this figure some curves taken from Eitel (1965) representing
work by Euler and Winkler (1957) who compared their own measuremen:s of
viscosities of silicate melts wi h much earlier studies. While we cannot
agssume that there melts were volatile free the agreement with cur estimate
for a "dry" melt is good.

3.222 Viscosity as a Function of Pressure

We have found no references t¢ the quantitative effect of high
pressure on the viscosity of liquid siliates, but Steele and Webb (1963)
have recently reviewed the existing high pretsure studies on liquids in
general. The viscosity of most substances increases with pressure at
congtant temperature. The rate of change of viscosity generally increases
with increasing pressure. This behavior is the opposite of that observed
for most properties ag pressure is increased.

Although many empirical relationships have been reported (Partington,
1951) for the variation of viscosity with temperéture and pressure, we
have found no reasonable basis for applying these to our situation.
Several attempts have also been made to develop relationships on a
theoretical basis (see for example the work of Glasstone et al., 1941,
and of Macedo and Litovitz, 1965).

Theoretical developmeqts utilize the concepy of free volume in a
liquid. One view of a iiquid is that the essential difference between
it and a solid can be regarded as the introduction of holes; the volume
change on melting is then taken to be proportional to the number of holes
and is frequently called the free volume.

Now we do know the changes in melting temperature with pressure for
several silicates, and these are related to the volume change on melting

by the relatiuonship

a oW
dp AS
_ . -
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Thus, if we assume that the entropy of melting remains constant
with change in pressure we can calculate free volume as a function of
pressure. We have tried to make use of this information together with
the theoretical equations of Evring et al. and of Macedo and Litovitz
to estimate the change in viscosity of a silicate liquid in going from
1 atm to 50 kb pressure at constant temperature. As our estimates differ
by orders of magnitude, we conclude that no useful value can be derived
by this means at the present time.

3.223 The Effect of Dissolved Voiatiles on Viscosity

Of the numerous volatliles present in basalt lavas, water is
generally recognized as the major species and is therefore the one with
which we shall concern ourselves. Representative extrusive basalt
analyses show less than one percent water, but the amount present prior
to eruption is not yet well established.

It has recently been reported by Engel and Engel (1964) that basalt
flows dredged from the deep ocean do not show the vesicular character
generally found in surface flows. Apparently és a result of the pressure
under which the flow occurs no gas bubbles are formed. This might be
interpreted as evidence for a total volatile content corresponding to a
vapor pressure of less than 0.5 kilobars, since this represents the
pressure under 5 kilometers of water.

With this pressure as an upper limit it is possible to estimate
the water content of basalt based on laboratory studies of water-containing
silicates. Friedmen, Long and Smith (1963) héve studied the viscosity
and water content of rhyolite glass. In their Figure 13 they present
water pressure vs. temberature curves for various weight percent water.
By extrapolation we find that at 1500°K a pressure of 500 atmospheres
corresponds to about 0.7 weight percent water. Shaw (19€4) has recently
reviewed the data on water sclubility in silicate melts in conjunction
ﬁith preparation of a theoretical paper, From his Figure 7a which
suﬁmarizes experimental data of several workers on the albite-water
systéﬁ, we find that 500 atmospheres pressure correspons to about 0.05

mole fraction of water or roughly 0.4 weight percent. water at 1300°K.
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Again in his Figure 7e for the system CaAIZSiZO6 - SiOz-HZO in the
temperature range 1000 - 1600K we find that 500 atmospheres corresponds
to about .07 mole fraction or about 0.5 weight percent.

We conclude from the<e data that the actual water content of basalt
before nenetrating the earth's crust is less than one percent by weight.
A similar conclusion is voiced by Einarson (194Y) based on the explosive
behavior of magmas and on a critique of anmalytical errors which can favor
high analytical results on glasses.

The water coitent can affect viscosity in two ways: either as
dissolved water or an entrained gas bubbles. The effect of dissolved
water is to decrease the viscosity. Friedman et al., (1963) studied rhyolite
to water contents of one weight percent and at temperatures of 770-1070K.
They observed that the change in viscosity decreases with increasing
water content and temperature. At 1060°K their data indicate a viscosity
decrease of 2-3 orders of magnitude with addition of one weight percent

water. Extrapolation of their data to 1500°K indicates a change in

Vit e

viscosity of much less than one order in magnitude on addition of the

one weight percent water. Recall also that the loss of volatiles will

PRV

repr2sent only a fractional change in the total volatile content. We

N

contlude “rom these data that at temperatures of 1300-1500°K corresponding
to temperatures observed in basalt flows, the basalt viscosity will in-
crease with loss of volatiles by only a few hundred percent at most. Ve

do not expect that any order of magnitude changes in viscosity are likely

<
W VLo

due to changes in volatile content of the basalt.

We show on Figure 3.22-1 some racent work of Shaw (1964) on obsidian

" " SRR M T s A
v ‘
4

at relatively high water content which indicates an order of magnitudle- -
change in viscosity for two weight percent change in water ccntent.
3.23 Comparison of Predicted Dike Widths with Field Evidence v

Using the dry basalt curve of Figure 3.22-1 as a reasonable approxima-

tion to the viscosity of the basalt magmas, we may determine whether the
simple theory developed for the flow of magma through a fissure predicts

dikes of the size actually seen on earth.

As the viscosity decreases with increasing temperature, we may make

ugse of equation (3.21-25) to estimate the minimum stable dike width. -
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At 1500°K the viscosity would be &.5x102 poises.

Choosing 'I‘w = 300°

.3%.03 dyres/cm-

P 2

K 5x10°2 joules/.: °K

5%105 ergs/cm

and substituting into (3.21-25) yields
w* = 9x106 cu®

55 cm.

w

As w is the half width of the dike, this would indicate for a melt of
this temperature and this viscosity, the narrowest fissure which could
persist for a leng distance would be about one meter wide.

" At 1300°K the estimated viscosity would be about 1.8x10% poises
and the calculated minimum width would be about 2.6 meters. For
Icelandic basalt flows, whouse viscosities are normally estimated to be
around 10% poises, Th rarins: on (1965) has estimated "4 + 2 meters as
a reasonable width ‘or eruption fissures 100 meters below the surface.”
Bodvarsson end Walker (1964)'comppted the average width of 1000 dikes

in East Iceland to be around 3 meters, and the average of 45 dikes

-further south to be 3.7 meters. Thus the agreement of the theory with

field observations would seem to establish the validity of the former.
l 3.24 Termination of Migration by Exsolution of Volxgile

In our above discussion of viscosity we pointed out that formation
of gas bubbles and vesiculation begins at pressures of less than 500
atmospheres. In our opinion bubbles may be expected to have = profound
effect on the viécosity and ultimately mey bring about termination of
the dike. Let us first consider the 2fiect of the bubbles on the vis-
cosity. '
~ The effect of entrained gas on viscnsity was examined by Einarsson
(1949) in the laboratory in an attempt to interpret apparent order of
magnitude -differences observed in lava flows. He studied the viscosity
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of an air-glycerine mixture and found that viscosity markedly increased
with air content providing the air was well dispersed. The air bubbles
were of a diameter of 0.1 - 0.2 mm and apparently surface tension was
such that the bubbles did not deform appreciably during flow. Now it

is wall known that solid particles dispersed in a liquid will tend to
increase viscosity. For spheres of nearly equal gize;, relative viscosity
(nr) is related to concentration of the spheres in volume fraction C by

the expression (Roscoe, 1953)
e = (1 - 1.35c)'2‘5 (for € > 0.10)

For a suspension of spheres of very diverse sizes

N = (- 025

representing a slightly less rapid increase in n, with increasing con-
centration of spheres. The latter equation indicates a five-fold vis-
cosity increase for C = 0.5 and 32-fold for C = .75. This indicates
very rapid rise with increasing gas content providing the gas bubbles
behave as sclid spheres and are of unequal size. Possibly the nucleation
and growth process may yield a more equal size'distribution of particles
and thus a more rapid change with gas content.

1f we assume a one weight percent concentration of volatiles, this
content represents wat.r sufficient for over a 1000 fold increase 1in
magma vol. at atmospheric pressure. Thus a 2-3 fold volume increase

at a huidred atmospheres or so pressure is easily visualized without large

_changes in water content of the magma. These data indicate that an

evolution of finely dispersed gas in a viscous magma might readily in-
crease viscosity of the magma by an order of magnitude or more.

It was mentioned above that if an increase in temperature resulted
in a large increase in viscosity the flow would not be able to take place.
If a melt enters a region where the pressure is low enough that the vola-
tiles begin to come out of solution, viscous heating will increase, this
will tend to increase the bubble content. Thus the stable flow theory
should bresk down. For the average basaltic magma we would expect this

to happen under pressures of the order of half a kilobar, corresponding
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to depths of a couple of kilometers on the earth. With its upward motion

~
[SRPE

being resisted, the melt would probably move laterally lifting the over-
lying rock and forming a sill, lacolith or "secondary'" magma chamber.

We conclude from the above discussion that the primary effect of

[RRYINY
Tesman S

volatiles on viscosity of basalt will most likely be found as the basalt

reaches a depth which is shallow enough that it suddenly finds itself o
"super heated" with respect to its volatile content. Bu“ble formation
should occur rapidly throughout the viscous mass leading to almost an -
exponential rise ir viscosity with increasing volume fraction of gas and ;g

possibly complete stoppage of the flow. In the viscous melt one can

oo e
"

imagine that coalesence of the bubbles would be relatively slew thus 7;

A requiring long tines for the magma and gas to separate. As the gas

)

bubbles coalesced and grew, they would become more deformable and the

[T T

s

mass might again decrease in viscosity causing further migration and

)

perhape a2 velcanic eruption.
3.3 COMPARISON OF TERRESTRIAL AND LUNAR MAGMA MIGRATION

From the above arguments we would conclude that there is not likely -

S
L

[resos

to be any major difference in the mechanism of removing magma from a

primary chamber on the earth or on the moon.

=2

The stable width of a fissure is governed by the pressure gradient,
and the temperature dependencé of the viscosity. From equation (3.21-25)

it appears that as a result of the lower pressure gradient a melt on the

—

moon with the same temperature and viscosity as on the earth will require
a fissure which is Vg~ ~ 2.5 times as wide, to continue flowing.
_From equation (3.21-12) we would predict that the greater width of the

—ragemny
[y

dike would more than make up- for the lower pressure gradient and would

e —

L p—

result in a flow in the early stages which i3 2.5 times as great as a
comparable one con the earth.

As termination of migration due to exsolution of volatiles is
controlled mainly by pressure and volatile content, a melt on the moon
would be expected to form a magma chamber and begin crystallization
about six times deeper on the moon ti.an similar magmas cn the earth.

This could have a very significant effect on the mechanics of subsequent

eruption and on the shape and size of the volcanic features at the suriace. L
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4. MAGMA CRYSTALLL.ATION

4.1 INTRUSIVE CRYSTALLIZATION

If the hypothesis about termination of upward migration by exsolution

of volatiles is correct, it would appear that the entire subsequent history

of intrusion and extrusion of melts may be controlled by their volatile
content. Once an upward flowing basalt magma encounters pressures low
enough , the water and other volatile gases begin to nucleate in small
bubbles, thus tending to plug the upward flow. Now the magma might be
expected to spread horizontally forming4what could be called a sill,
lepolith, or "secondary" magma chamber. The volume of the intrusive
would be accomodated by lifting the overlying rocks and causing the
phenomenon known as tumescenre co be observed at the surface. On the
moon, formation of horizontal intrusion would be expected to begin at
the same pressurcs as on the earth and therefore at depths six times as
great: (i.e. on the order of tens of kilometers). It would appear that
the dimensions of this horizontal intrusion would be controlled by the
amount of melt available and tha strength of the overlying rocks. At
the present time we do not have any firm grounds for prz=dicting whether
such an intrusive wouid be larger or smaller than a similar feature on
earth. This problem would require further study.

As crystallization of the melt progresses, the volatiles will become
concentrated more and more in the residual liquii. As crystallization
will act to supply heat to the system keeping the temperature high, the
pressure in the chamber will continue to increase until one of several
events takes place.

One possibility is that wall rocks are strong enough to contain the
pressure build up, and when low enough temperatures are reached, the gas
volume will decrease again. This is most likely to occur in a relatively
small, deep intrusive. ‘

A second possibility is that if the volatiles are able to collect
near the roof of the chamber, crhe overlying rocks will be permeable
enough to allow them to escape through fumaroles. This is likely to
occur in low viscosity melts which cool very slowly.
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If the pressure builds up enough to cause tensile fractures large
enough for a stable dike configuration to be maintained, a low viscosit:
melt may become mobile again and either form a new chamber closer to
the surface or be extruded as a flow.

If the viscosity of the residual liquid is so high that the .ubbles
cannot agglomerate and so high that the stabic die configuration requires
a large fracture and a very large pressure gradient for flow to take place,
any fracture formed will become, in effect, self-sealing. 1In this event
the pressure will continue to build up until the strength of the overlying
rock ig insufficient to contain it and .iolent explosive eruptions will
result, This type of eruption is the more likely if cooling has proczeded
to such an extent that the remaining liquid is relatively acidic. All
other factors being equal, it would appear that under lunar conditions
the lower gravity should resrvlt in slightly less efficient bubble agglomera-
tion and a lerger stable dike size, botk of these factors may cause more
explosive activity than on the earth. The greater thickness of the over-
lying rocks might also act to contain the melt slightly longer, resulting
in a more acidic residuval wmelt ard a greater tendency towards explosive
activity. '

It should be emphasized that while the above speculations appear to
be qualitatively consistent,-both with our models of magma behavior
developed in the preceeding chapters and with observational evidence, it
has not been possible within the scope of the program to extend the
detailed mathematical analysis to a study of the dynamics of eruptions
in order to either confirm or refute them.

4.2 COOLING OF EXTRUSIVES

As we now are convinced that the nature of the actual volcanic

eruption is controlled more by conditions existing in the secondary magma
chamber rather than deeper in the mantle, we see no reasonable grounds for
predicting the detailed form of extrusives without first developing an
adequaée quantitative model to describe the interaction between the cool.-
ing melt within the secondary chamber, its voltatile constituents, and the
surrounding -ocks.

As the composit’on aﬁd degree of vesiculation is controlled by the
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events within the secondary chamber, we would expect a similar spectrum
of mineral assemblages to be formed from the differentiation of basalt
magmas on the moon as are formed on the earth. Simple preliminary cal-
culations of the surface cooling of an extrusive hag indicated that a
lava flow on the mcon, which can only lose heat from its surface by
radiation, will not cool much more slowly than a similar flow on the
earth. Thus any significant mineralogical changes as a result of the
high vacuum should be confined to the uppermost few centimeters of the
flow,

Because of the absence orf an atmosphere, we would not expect as
wide a variety of surface textures on lunar extrusives as their terres-
trial counterparts. Some minor differences such as the degree of vesicula-
tic - and welding may exist, but we believe that it would be premature at
this time to claim that lava flows on the moon are either more or less
vesicular than those on the earth. More efficient bubble agglcmeration
and hence greater loss of volatiles resulting from a larger volume cool-
ing more slowly might offset the increased vesiculation due to the high ;
vacuum on the surface.
4.3 VOLCANIC ELECTRICITY .

Electrical activity is another facet of volcanism which may exert

some control on deposition of volcanic material. It has long been appre-

IRAWT M. el
_ . R

ciated that the clouds formed as the result of volcanic eruptions are

often highly electrified and that they can sometimes produce almost in-

3

cesgant lightning, comparable with the most viclent thunderstorms.

Our unc:rstanding of the mechanism primarily responsible for the
electrification of both the thundeicloud and the volcano cloud has been
quite limited. It has, however, been generally assumed by scientiste
that in both kinds of clouds the principle electrical charging process
ariges from the fa'’iie of charged particulate matter.

In the case : - ¢z .understorm it has been assumed that heavy, fast
falling particles such as rain, sleet, or hail acquire one sign of
electricity while small cloud particles acquire an equal and opposite
charge. This initial charge separation process is then followed by a
subsequent large scale charge separation process in which the fast falling
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particles .all away from the slower falling particles, thus doing electri-
cal work and creating an electric field.
Until the present time the prevailing view of the cause of electrifi-

cation of the volcano cloud has been quite similar to the assumed mechanism

Piiwiiomding itk . bl i T g A P e s o T AR e e

for thunderstorm electrification. 1In the past, it has been assumed that
big ‘~ch' (tephra) particles acquire an electric charge of one polarity.
while the smaller particles acquire an opposite charge and that as the
result of their differeut terminal falliag velocities they generate an
electrical dipole.

If the generation of eslectrification in a volcano cloud depends on
a process such as that described wbove, it seems quite clear frhat a vol-
cano eruption on the moon could not generate charge. All evidence
suggests that there is n, atmosphere on the moon, and in tha absence of
a guas, big particles and little ones would all fall at exactly tha same
velocity and therefore no charge separation process w~uld take place.

In a recer.t paper Anderson et al.(1965) describe atmospheric
electrical measurements carried out from ships and from an airplane of
the electrified cloud over the new volcanic island, Surtsey, off the
south coast of Iceland. The ohscrvations and their interpretatirn shed
some ligk -~ on the nature of the electrification processes resulting from
vulasn.ic activity «nd shed considerable doubt on the mechanism of elec-
t1...caticn that nhas generally been assumed. These new findings, there-
fore, have & considerable bearing on our spcculations concerning the
natufe of electrification in different environments and it appears worth
considering how these new observations affect our thinking about the
possible electrical processes of volcanos on the moon.

The recent observaiions at Surtsey afe of particular interest in

connection with volcano electrification on the moon for they show that

in the case of this volcano, the gases have a Ligh density of space charge

as they issue from che crater and that.the differential settliug of
charged particies plays a small or negligible role in electric charge
generation. The obs:rvatious at Surtsey shed considerable doubt on thke
previously assumed mechanism of volcano charge generation and suggest

that even though there is no atmosphere, volcanos on the mou:~ could .e
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strongly electrified.

The conclusion that volcanos on the moon would necessavily generate
charge is of course by no means warranted by the observations on Surtsey.
As the article makes clear, it is possible that the strong electrification
observed at thie volcano may well arise because of subterranean inter-
actions petween the hot lava and the sea water such as Blanchard {(1964)
has observed in the laboratory. If the electrification at Surtsey is
being caused by the sea water, it is quite possible that a volcano on
the moon might be neutral, for certainly no sea water is present.

1f we 2re to draw conclusions concerning the possibility of volcano
electricity on the mocn, it appears desirable to improve our knewledge
of the mechanism by which volcanos on the earth produce their charge.

At the present time we ¥now that volcanos on eartgnfar removed from the
ocean are also el. _trified but we do not know whether these volcanos
produce charge from a charge separation process taking place in the
atmosphere or below the surface of the earth Accordingly, it appeared
desirable to carry out further measurements on land volcanos such as Iraz;:
which was recently active in Costa Rica. During Februarr. 19635, we
attempted to obtainm such information from the volcano Iraz® in Costa Rica
whicl. had been erupting intermittently up until several days before our
party arrived. Although no eruptions took place during the ten day field
study, severai commestial photographs were obtained which appeared to
show electrical activity taking place within the crater. While the )
evidence presenied by these photographs is not conclusive, it would seem
to indicate vhat nere aiso fhe particles were a}reaiy charged as‘they
left the crater. It wculd appear than tual partiéles expelled from lunar
volcanos are iikely to be clectrified and the key to understanding this
electrification will have to come from a better understanding of the
mechanics of eruption. ‘

4.4 CONCLUSION REGARDING MAGMA CRYSTALLIZATION

We conclude on the basis of the above arguments that horizontal sills
or lopoliths are to be expected on the moon at depths of the order of tens
of kilometers. These sills are likely to serve as secouuary magma chambers

which can supply volcanos with more acidic melts upon partial crystalliza-
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tion. While this prediction weuld seem to be in Iine with the views of 0'Keefe
(1963), Lowman (1963}, &and others who believe that tektites represent fuszd
samples of the lunar maria, we must pnint out that to make this prediction

more quantitative, extension of the type of analysis we have used in the
previous chapters to the study of the interaction between volatiles, melt,

and surrounding, rock is required. Such a study could also shed lignt on

the mechanism of electrical charge separation which apparently takes place

within the vent of volcanos.
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5. BEHAVIOR OF VOLATILES AT THE SURFACE

We have already discussed the manner in which volatiles might affect
the rheological properties of thie melt and mentioned their role in explo-
give eruptions. To consider the transitien between the magma chamber
and the surface, a better understanding of the interaction between the
volatiles and the melt is required in order to have any reasonable
grounds for predicting the difference between lunar and terrestrial
phenomena. Once the volatile elements become separated from the meit,
it is somewhat easier to predict their subsequent behavior and to deter-
mine whether they are likely to remain at or neuar the present lunar
surface. We shall first consider those substances such as Hao and coa
vhich exist as gases at relatively low temperatures and are ncrmally
reported in analyses of terrestrial volcanic gases. We shall then dis-
cuss the possible importance of such substances as metallic oxides and
kalides wl.ich vaporize at lava temperatures.

5.1 COMPONENTS WHICH ARE VOLATILE AT LOWER TEMPERATURES

If the content of volatile species in lunar magmas is of the same
order of magnitude as the content observed in terrestrial magmas after
cooling as intrusives or as extrusives, we would expect greater quantities
of these species to be volatilized during volcanic activity on the moor.

If these liberated volatiles still remain on or near the surface,
they will be valuable both as clues to the geologic history and as
potentially valuable natural resources. Based on the assumption‘that
differentiation on the moon is ccaparahle to that on the earth several
studies have been made to estimate whether appreciable quantitieéfof
water or other volatiles should remain just below or on the moon's sur-
face.

Hapke and Goldberg (1965) have evaluated the possibilities of perma-
frost layers at shallow depths on the moon as a function of the permeability
of lunar "soil". They concluded that the presence of permafrost is of
marginal possibility ia the equatorial regions. In the polar regionms, '
however, they concluded that if juvenile water had diffused upwérd
through a permeable soil there is a good possibility (f finding n.rmafrost
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within a few meters of the surface.

Watson et al, (1961, a, b) considered the loss of water from the
lunar surface to be limited by the rate of evaporation from '"cold traps"
formed by permanently shadowed areas having a temperature of 120°K or
less. They concluded that ice should now exist in such areas but other
magmatic volatiles such as §0,, GO,, H, 3 etc. will not be trapped as
golids by this process. 1In reaching this conclusion, however, they took
account only of the vapor pressure of the pure solid phases and not of
any gas hydrates which might be formed.

As it is known that the partial pressure of many gases over their
hydrates is auch less than the vapor pressure of the pure substance in
solid form it appears worthwhile to ve-examine the possibility of
finding volcanic gases on the lunar surface in the form of their solid
hydrates. Before considering these hydrates, however, it will be desir-
able to review the proéérties of the various forms of pure ice and their
predicted stability on the lunar surface.

5.11 Propertieg of Ice at Low Temperatures

In making their estimate of the rate of evaporation of ice,
Watson et al. have used a value of About i.4 x 10'12mm of Hg for the
vapor pressure at 120°K. This estimate is based on the data of
Washburn (1933) for the vapor pressure of hexagonal ice extrapolated
from much higher temperatures. The validity of this extrapolation for
hexagonal ice has been generally confirmed by Engelke (1965) who has
made independeﬁt estimates of the vapor pressure from the calorimetric
data of Giauque and Stout (1936). Their work further indicates that no
phase changes take place.in'ice when it is'cooléd from 0°C to low
tempevatures under laboratory conditions. However, according to the
model of Watson et al, the ice is not cooled from 0°C but is first formed
at low temperature. Under these conditions, several investigators have
found that 2 cubic form of ice is formed in the temperature range from
about 150°K to 180°K and an amorphous ice is formed below 150°K. These

results, based cn cidctron-diffraction, X-ray diffraction, and calorimetric

investigations, have recently been reviewed by Blackman and Lisgarten (1958)

who point out that none of the cealorimetric investigations give any
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indication of the transition between cubi/. and hexagonal ice. The heat
of transition between these two phases is therefore probably very small
and the vapor pressure of cubic ice is probably close to the extrapolated
value for hexagonal ice.

For the transition at about 150°K from amorphous to crystalline ice
(probably cubic although this was not ascertained), various investigators
have obtained values ranging from 2 to 16 calories per gram for the heat
evolved. The lower values are considered least accurate because the jice
being measured was not all in the amorphous ."“~m. However, even if a
value of 16 calories per gram is accepted it is too small to make a
significant differei:ce in the extrapolated vapor pressures for the
purposes of the present esitimates.

5.12 The Clathrate Gas Hydrates

~ In Feaching the conclusion that volcanic gases such as 802, COZ,
and H2

took account only of the vapor pressure'of the pure solid phases and

S will not be found on the lunar surface, Watson et al, (1961b)

not of any possible hydrates which may be formed. Miller (1961) has
mea~uved the partial pressure of gas over several hydrates at low tem~-

petaturés and has estimated the possibility of finding gas hydrates on

LI PO

a number of the planets and their sateilites. He concludes that there

is a good pissibility of finding methane hydrate and similar hydrates

Ay

on some of the other members of the solar svstem. He does not, however,
specifically consider the case of the moon. .

. The cheﬁistry of the clathrate gas hydrates has recently been re-
viewed by Borrer and Stuart (1957) and.ﬁy van ¢ av Waals and Platteeuw

Ll
2.
2
§
§:x5
ijl%

(1959). The s.7bility of various gas hydrates in the solar system has
been discussed by r.‘ller (1961).

Figures 5.12-1 anu 5.12-2 show the vapor pressures as functions
of temperature in the vici.ity of 120°K for hexagonal ice, and for
several volcanic gases and thelv hydrates. The values for hexagonal ice
is extrapolated from the data of weshburn (1933). The lines for CH,
hydrate CO, hydrate, and SO, hydrate cve estimated from the vapor pressuré
equations given by Miller (1961). The line for H,S hydrate is based un
an equation given by Melloy (1930). The vapor ‘ressure lines for pure
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S04, COe, ggs, and (Y4, are based on the compilation of Stull (1947).

It should be notec that all these lines involve a large extrapolation
of the measured data to low temperature and pressure.

These results indicate that the degree of stabilization of these
volcanic gases by hydrate formation is somewhat variable. The vapor
pressure of CH4 and H,S hydrates at 120°K are approximately 1,000 times
less than that of the pure substances. The vapor pressure of SO,
hydrate is only slightly less than that of solid S0, and the curves
appear to rross in the region of 90°K. With CO, the crossover occurs
somewhat above 120°K. Because of the nature of the original data and
the large extrapolations involved, however, the reality of these cross-
overa is highly questionable.

In any event it is evident from Figure 5.12-1 thac the equilibrium
vapor pressure of SO, hydrate, the .most stable of those considered, is
approximately six orders of magnitude higher than that of hexagonal ice.
This indicates that hydrate formation has too little stabilizing effect
on any of these gases to significantly affect the conclusion of Watson
et il. that they will not be retained on the lunar surface.

5.2 SUBSTANCES WHICH VAPORIZE AT LAVA TEMPERATURES

There appears to be a considerable amount of evidence that vaporiza-

tion of such substances as metallic oxides and halides may be responsible
for many of the effects normally associated with volcanism.

5.21 Evaporation from Lava Fountains, Pools and Flows

Still and motion pictures of eruptions on the volcanin is1and,

i:Surtse&, in February 1964 show thet when fountains of molten lava are

active, a dence cloud of dark smcke forms that is carried off by the
wind (see Figure 5.21-1). More recent observations of this wvolcano
reported by Rjornnson in the summer of 1964 des~ribe a2 similar phenomenon
in which a cloud of dark smoke was observed to form downwind of the
quiet lake of molten lava that filled the crater.

These dark clouds, except for their color are quite similar in
location and appearance to the clouds of white steam from erupting
geysers and from heated pools in geothermal areas. Resemblance hetween

the steam clouds and the volcanic clouds is so pronounced that they seem
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to te formed by a similar mechanism: 1i.e., the hot lava has a } igh
enough vapor pressure for appreciable quantities of it to evaporate.
Upon mixing with the much cooler atmosphere the vapor then condenses to
form visible aerosol particles in much the same way that condensing
water gas forms the visible aerosol particles called "steam'". Since
water and other substance= condense this way to form aerosols, it seems
reasonahle that the lava vapors may condense in a cimilar manner either
as vitreous droplets or as small crystalline particles,

To see whether significant evaporation would be expected from
basalt, existing data .n the vapor pressuces and evaporation rates of

the pure metal oxides found in basalt were examined. Some of these

data are showu in Figures 5.21-2 and 5.21-3, respectively. Of the oxides,

vapor pressures of Naap and Kao are particularly high. At 1400°K the
culculated rate of evaporation for pure K20 into a vacuum would be of

the order of 1 gram per square centimeter per second; for Na_o the rate
would be about .03 grams per square .entimeter per second. Tnese figures

should not, in general, be extrapolated directly to a basalt lava. 1In

an ideal solution the pressure of an oxide in a melt would be proportional

to its concentration; on this basis, since Kao only forms ubout one per-
cent of our standard basalt, its initiai evaporation rate in a vacuum
would be estimated as 0.01 gfams per square centimater per second. How-
ever, even this estinrate is probably too high; one must recognize that
these mixed oxides have a greater stability than their components due

to chemical interaction. For example KESi.O3 has a vapor pressure three
orders of magnitude lower than Kao rather than the one-half one would
predict from an ideal solution. In addition the evaporation rates would
be further decreased as the surface becomes depleted in the high vapor
pressure components and ultimately would be limited by the rates of
evaporation of the less volatile species. The prescrce of apprecis le

pressures of the evaporating species above the interface .ould of course

~ further decrease the rate of evaporation.

On the other hand some factors could act to increasc the rate of
vaporization above those shown in Figure 5.21-3. As water vapor will
often accelerate the vaporization rate of oxides, the estimates prov.ded
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by the pure oxide analyses may be in error by several orders of magnitude.
For example, experiments performed on boron oxide at 1500°K show that in

a dry system it has a vapor pressure of 10-3 atmospheres, but calculatiouns
indicate that a pressure of 10+5 atmospheres of HBO_ would be in equilibrium
with oue bar of water vapcr and liquid boric oxide. Other volatile gases
cuch as HZS could be expected to act ir the same way as H,O.

While mixed oxides frequently have greater stability than their
components, mixed vapor species may also be formed which are more volatile
than thz separate oxides. While the silic -es have not been experimentally
studied, mass spectrometric studies of other systems we have investigated
in tue past have revealed many unexpected volatile molecules.

In order to confirm that hot lava could evaporate into the atmosphere
producing aerosols, we carried out several simple experiments. We observed
smoke to form when we melted basalts on an electrically heated wire fila-
ment and in a crucible. Bassalt heated in air to around 1400°C in a
platinum crucible produced a light brown condensate on a water cooled
glass flask above the crucible (Figure 5.2-4). A mixture of basalt and
dunite beated to about 1500°C under reducing conditions (in a graphite
crucible in argon) produced a "smoke'" containing dark brownish gray

structures resembiing cobwebs. X-ray diffraction of these "cobwebsg"

\)

indicated the presence of Si; SiOé, MgESi and Mg0. X-ray fluorescence
of both deposits showed strong evidence of K, Ca, Fe and Si. :
5.22 Vaporization in Phreatic Eruptions

If particles can condense from the gas phase cver lava fountains-
and lakes, similar processes might take place in a phreatic eruptionm;
some gaseous components from the hot lava may be present in the gas phase

of the high velocity eruption that will condense to form an aeroscl when

y
c¢-oling takes place by adiabatic expansion or by mixing with the atmosphere. g

¥
While the larger particles of tephra in a volcanic eruption are undoubtedly $ o~
formed by atomization and comminution of lava, it appears quite possible s

ERars .3

that some of the smaller tephra particles result from the condensation
and growth of aerosol particles from the vapor phase.

It is well established that large numbers of vefy small particles
are injected into the atmosphere from phreatic eruptions. All of the
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evidence suggests that the spectacular meteorclogical optical phenomena
such as vividly colored sunsets and Bishep's rings associated with vol-
canic eruptions are the result of such particles. Since the optical
phenomena extend over large portions of the globe and persist for months
or ever years (Burdecki, 1964) the particles must be so small that they
settle very slowly. deBary and Bullrich (1959) state that in order to
have Bishop's rings it is necessary to have:

a) an abnormally dense layer of aerosol particles with almest
identical radii of 0.3-0.4 microns at a constant altitude;

b) a concentration of aerosol particles 5 to 10 times greater
than tsual.

These aerosol particles are so small and so uniform that it appears un-
likely that they result from comminution or atomization; it seems far
more probable to us that this class of particulate matter is the result
of condensation from the vapor phase.

While we do not yet nave a quantitative theory wﬁich can explain
a1l the features associated with explosive eruptions we believe that
some of the processes taking place in the eruption may be similar to
those in the screening smoke generators developed by Langmuir and Schaefer
(1548). Here a high boiling petroleum 0il was vaporized along with water
and then allowed to escape at high velocity into the atmosphere where it
condensed as an aerosol.

Thus it seems likely that the formation and properties of the high
temperature clouds of the volcano are in some ways similar to ordinary
atmospheric water clouds. It would therefore appear worthwile to obtain
quantitative information concerning the partial pressures of the components i

of the lava vapor during volcanic eruptions. If the vapor pressures are

comparable to the partial pressures of water vapor in the atmosphere, a

significant portion of volcano clouds and of the small tephra particles

» ~’§_‘. AR e B g
3

may be formed by a condensation and coagulation process similar to that

PEERCTEN

vhich occurs in water clouds. Conceivably, if the partial pressure of ‘
the lava components is sufficiently high, the heat released by the forma-
tion of liquid or solid cloud particles may be of significance in the

formation of nufes ardentes.
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5.23 Vapor Deposition on the Moon

It is apparent that in the processes we observed to take place
over Surtsey the ambient atmosphere is of dominant importance. The
presence of an atmosphere affects the formation and deposition of aero-
sols in at least four ways:

1. It maintains a high enough concentration of the lava
gas to allow sufficient supersaturation for particle formation by
condensation.

2. It causes sudden quenching of the hot gases by mixing
and expansion.

3. It prevents rapid falling of the particles.

4. 1t transports the particles by the wind.

Because of thé atmosphere'’s great influence on the behavior of hot
lava vapors,. it is interesting to consider what sort of processes
might take place in nature under the conditions of very low atmospheric
pressure which exist on the moon. Here when silicates vaporize from
volcanism or other cauges the results will be different. At these very
low pressures the mean free path of the molecules will be large and the
chances of their coming together to condense to form a particle will be
negligibly small,

Using the analysis of Watson et al. (1961) it can be shown that
the average dictance, 5, that a molecule liberated from a hot surface

on the moon will travel before reaching the surface again is

D = .886 vi/g (5.23-1)
where .

;2 = 3RT/m is the mean square velocity
and R is the gas constant

T is the absolute temperature
m is the molecular weight

g 1s the gravitational acceleration.

Values of D for a number of species as a function of temperature, cal-
culated from this equation, are shown in Figure 5.23-1, It is apparent

that the average distances a molecule will travel after liberation from
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the molten magma will be of the order of hundreds of kilometers. This
will insure relatively uniform deposition over a substantial fraction
of the moon's surface, even from a small area of melt.

To investigate effects of vacuum, we performed a simple experiment
by heating about 1/5 gram of basalt to about 1200°C in a vacuum of 10-4
torr for a few minutes. This produced a dark brown film several microns
thick on a microscope slide suspended above the melt. Again X-ray
fluorescence showed strong lines of K, Ca and Fe. No good X-ray diffrac-
tion peaks were observed. from the thicker parts of the deposit, but
under the optical microscope small particles showing apparent crystalline
outlines were cbserved on the thinner parts of the film (Figures 5.23-2
and 5.23-3). Dark field electron microscopy of thinner parts of the
film from the slide showed the presence of crystals ranging in size from
several hundred to several thousand ang:. troms.

The observed photbmetric properties of the surface of the mcon
are consistent with the idea that vapor deposition may have played a
role in its formation. Hapke(l964) has summarized the photometric
characteristics of the entire visible portion of the lunar surface in
particular drawing attention to the low albedo, strong backscattering,
unusual polarization properties, and brownish gray color. He concludes
that the only materials that would be photometrically cmsistent with
the observations are some types of vegetation, non-metallic whiskers
and dark finely divided particles. There can be no vegetation because
of the lack of atmosphere. He suggests that although whiskers might be
formed by this combined effects of sputtering by the solar wind and
condensation éfymaterial vaporized by micrometeorites, they are unlikely
to survive under repeated meteorite bombardments. Hapke concludes that
the surface must bg covered with a layer of pulverized rock powder ten
microns or so in size which has been "darkened by exposurs to solar
radiation or some other agent and arranged by micrometeorite bombardment
into a porous material with a bulk density only one tenth that of solid

" rock." A comparison of Figure 5.21-4, Hapke, and Van Horn's (1963)

photographs of a fine powder with the required "fairy-castle" peacking

shows a strong resemblance. Simple preliminary measurements indicate
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that our light colored air-deposited material ~1lso exhibits a strong
backscattering peak. The materials evaporated under less oxidizing
conditions, in a graphite crucible in argon or in a acuum, showed con-
siderable darkening as would be expected.

The formation of particulate matter by the condensation of vapor-
ized compone..ts of hot lava is undoubtedly important in the origin of
terrestrial volcanic clouds and atmospheric aerosols. The volcanic
evaporation-condensation mechanism may aiso be one of the mechanisms
which has contributed to the '"fairy-castle' structure of the visible
portion of the moon's surface.

5.3 AEROSOL STUDIES OF THE SURTSEY VOLCANOS

In early June of 1965 a new phreatic eruption began a few hundred

meters from the Island of Surtsey off the south coast of Iceland. We
took advantage of this unusual opportunity by carrying out a sampling
program to collect the particulate matter in the volcano cloud. As the
program took place from June 24, 1965 to June 29, 1965, there was
ingsufficient time remaining within the contract period to do more thau
a preliminary analysis on the material collected. However, we believe
that the samples will provide valuable information about the mechanics
of volcanic eruptions when combined with later theoietical and experimental
studies. Below we describe the sampling methods used in the program and
discues the results of the prel minary analysis.

5.3]1 The Sampling Program

Particles w:re collected primarily by filtration using the Millipore

filter field monitors or by impaction ou glass siides. The Millipore

field monitors are especially designed for air sampling work; the units

are asscmbied in ultraclean environments so background is low; they

are efficient collectors of particulate matter in the submicron range;

the collected matter can be preserved indefinitely in the plastic con-
tainer without fear of contamination; and tiiey are amenable to a variety

of well-worked-out analytical techniques including eleciron microscopy

and NMR. Glass slides have an advantage over Millipore filters in that
they are more suitable for microscopic observation of submicron particles.
The Millipore filter is not wholly satisfactory for microscopic sbservation
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of small particles because of its surface structure.

On three separate occasions an airplane was rented and used to
collect samples of the particulates in the cloud emanating from the new
Surtsey volecano. On two of these occasions samples were collected by
the simplé process of holding the Tilter or glass slide outside the
airplane. When the Millipore filter units were used in this fashion,
the top section of the monitor was replaced with a retaining ring to
allow full utilization of the filter.surface. The unit was usually
mounted on a modified pipe "T", the center of which was adapted to a
rod used vo hold the unit outside the cockpit. At the usual airplane
speed of 100 mph, the estimated flow through the Millipore filter was
about 3 liters per minute. On the other .occasion when the airplane
was used for s:.pling, the Millipore fiiter unit was affixed to a
sampling probe, placed outside the airplane, and a flow of 12.5 lpm
through the filter was obtained by use of a portable 6 volt Gast pump.
Undér these conditions the flow was much c.oser to isokinetic conditions
than when impact pressure was used to provide the flow. However, even
with the pump the flow was less than isokinetic and while we would expect
very 1it£1e error for particles up to a few microns in diameter, the
collection of larger particles wouldwbe favored by these‘conditions.

The fishing boat "Ran", cwned and operated by August Olafsson,
was~rented:twice for tripa to the old Surtsey Tsland. The Gast pump was
used to provide flow through the Millipore filter on these occasions
when the boat was near the plumé. On one occasion, we passed directly

under the plume ané samples of rain were-also obtained on glass slides

I

and & Millipore filter.

) On the surface of Surtaei, a number of samples were collected )

- A  usiung the Millipore units and the Gast pump. Since the wind was blowing

‘ the smoke plume away from the island, it 1is unlikely that these samples
» are gignificant.; Hovever, on one occasion the unit was set up in the

= ) lava field close to the new Surtsey volcano and the emanations from this
lava field we;e sahpled; We were unable co transport the battery to the

top of the old Surtsey crater but the particulate matter which was being

';emitted was collected on glass slidés and Millipore filters placed
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downwind of the crater.

5.32 Analvsis of Collected Particulates

We have just begur to analyze the material collected in our sampling
program. Table 5.32-1 lists the results of a particle size analysis
of material collected on glass slides. This i~ the analysis of the total
material collected and we would hope to repeat this study later for the
magnetic fraction.

An attempt was also made to classify the particles as spherical and
non-spherical and these data are also listed in Table I. It should be
noted that our values for the fraction of spherical particles are greater
than those determined by Hodge and Wright (1964) for volcanic material.
This may be due to the fact that our data are for the total dust rather
than the magnetic fraction or may be simply due to the adoption of less
stringent criteria.for classification as spherical,

Table 5.32-1 shows that by far the largest percentage of particulate
matter is in the micron range. {(The microscope and electron microscope
also show that many of the larger particles are composed of aggregates
of smaller particles.) The smoke from the crater of the old volcano is
smaller than that in the plume of the new volcano as might be anticipated
from the differences in the primary methcds of cloud formation. The
smoke from the old volcano is very light and _cobably the result of
evaporation and condensation processes wh.reas the new volcano generates
a large amount of coarser material by mechanical means. A large percent-
age of the > 10-micron particle ccllected at the crater undoubtedly
results from the contamination of the slide by blowing surface dust.

PhotamicrographS,both‘with the opticzl and electron microscopes,
have been taken of some of the glass slides and Millipore filter samples.
These pictures and subsequent planned analytical processes, such as
electron diffraction and electron microprobe studies, may in the future
add appreciably to our understanding of the mechanics of volcanic erup-

tions.

5.4 CCNCLUSIONS ABOUT THE BEHAVIOR -OF VOLATILES ESCAPING FROM LUNAR MAGMAS

In addition to their influence on the rheological properties of -
magma and their ability to pro&ide pressure for expulsion of magmas from
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the secondary chamber, volatiles may condense to form deposits of their
own. We have investigated several aspects of the behavior, after escaping
from the melt, of those substances which exist as gases at relatively low
temperatures and of those which vaporize at lava temperatures. Our more
gignificant conclusions are summarized below.

The vapor pressures of several of the clathrate gas hydrates have
been extrapolated to the region of 120°K using the best available data,
which in most cases leaves much to be desired. All the hydrates have
higher vapor pressures than ice but much lower vapor pressures than the
pure substance values used in previous studies of the stability of
volatiles on the moon. Even these lower pressures appear to be too high
to permit accumulation of clathrate gas hydrates in cold traps on the ;
moon under equilibrium conditions. Once formed, however, the clathrates ‘
may be stable under cold trap conditions. Thus the clathrates, if
found, will provide a valuable record of the conditions existing at
an earlier stage of -the moon's history.

From existing data the vapor pressures and evaporation rates of
pure metal oxides found in basalt has been assembled. Vapor pressures
of suck oxides as K 0, Na_0 and P4016 appéar to be high enough to result
in considerable evaporation from basalt lava. Deposits formed above .
basalt heated in air in an argon atmosphere and in a vacuum of 10-4
torr confirm that appreciable evaporation from molten lava will take
place. Evaporation from any molten lava extruded onto the moon_wo&ld
be expected to contribute to the formation of "fairy-castle" structure

by vapor depositing material over hundreds of thousands of square kilo-

meters.
We also believe that an appreciable fraction of the aerosol particles

produced in a phreatic eruption on earth may be the result of condensacion
of material from the vapor phase. On the moon this type of condensation

may be- less significant.
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6. SUMMARY AND CONCLUSTIONS

After examinin, the available evidence, we have found nn compelling
reasons to assume that the moon's composition differs significantly from
that postulated by Ringwood and others for the earth's mantle. We have
approximated the compcsition by a mixture of basalt and dunite and have
used published data on silicate minerals to predict the thermal properties
and melting relationships as functions of pressure and temperature. The
more important aspects of these predicted functions have been selected
and used to extend the normal therﬁal history calculations of the moon
to include the effects of differentiation through igneous activity. The
calculations indicate that a brief period of intense volcanic activity
is likely to have occurred; the time at which this activity took place
will be piimarily a function of the moon's temperﬁture at the time of
its formation and the concentration of radioactive heat sources. Pro-
perly selected samples of the moon's surface rocks should thus make it
possible to determine the temperature at the time of formation. The
total thickness of extrusive and intrusive igneous rocks is strongly
dzpendent on the efficiency of radiative heat transfer in removing heat
from the interior. Further experimental work on heat conduction in
silicates seems to be required.

We have made use of the predicted melting relationships and heats

of fusion to propose a mechanism for sudde: generation of magma which

. appears to be consistent with terrestrial geological evidence. There

seems to be no reason that a similarlmechanism could not have operated
on thé moon.

( ~ Calculdtions, using published data on the viscosity of basalts in
coqjunction-with a‘simﬁle model for dike propagétion, have yielded dike
dimensions’which'agtee with field obgervations. When lunar pressure
gra&ients are substituted into the model, the minimum width of a dike

‘which can trdnaport appreciable amounts of material from the region of

generation is predicted to be roughly 2.5 times wider than a similar
dike in the earth. The flow of material through this lunar dike should
‘also be about 2.5 times larger than through its terrestrial counterpart.
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There is substantial evidence that magma migration through a dike
should: terminate as a result of a rapid increase in viscosity whenever
pressures become low enough for nucleation of bubbles of water and other
volatile constituents. This would be consistent with the observation
that most magmas erupted into the earch's surface appear to have been
differentiated from a primary basaltic magma in a near-surface chamber.
If the volatile hypothesis is correct, the depth at which migration
stops and differentiation begins should be primarily controlled by
pressure; secondary magma chambers should therefore be found aboutféix
times as deep on the moon as they are on the earth. As the evidence
for the effects of exsolution of volatiles on viscosity is incomplete
and partially céntradictory, we believe experimental and theoretical
investigations in this are necessary.

Based on our present knowledge, it does not appear unlikely that
a variety of rocks, representing different stages of differentiation of
basaltic magmas, will be found at or near the surface of the moon.
However, the interaction between the volatile constituents and the melt
is of such importance that there seems to be no logical basis at this
time on which to predict crystal éize, rock texture, or mineral assemblage.
Such predictions will have to wait until direct experimental evidence of
the properties of a volatile-magma mixture is available on which to found
a quantitative theory. )

The evidence which we have at this time indicates that electrifica-
tion observed in terrestrial phreatic eruptions does not take place in
the atmosphere arnd thus the generation of charge must be counsidered in
conjunction with the mechanism of eruption. ‘

It appears that although ‘the clathrate gas hydrates have much lower
vapor pressures than the pure éubstance values, the pressures are not ‘
low enough for these ﬁaterials to be stable under "cold trap" conditions.
However, if they were formed under conditions different from those
existing at the present time, they could persist in the cold traps.

There is strong evidence that evaporation of some of the metallic
oxide components of the melt takes place during volcanic eruptions.
These oxides would be expected to distribute themselves over several
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hundreds of thousands of square kilometers possibly contributing to the
formation of a "fairy;castle" type structure.

In summary, then, we believe that although there are many interestinr
urisolved problems of volcanism, the most pressing needs for the purposes
of lunar exploration are: determination of the radiative component of
thermal ¢onductivity for model rock types; experimental and theoretical
studies to determine the interaction of volatiles with a melt, with
particular emphasis on the rheological properties; and theoretical study
of the dynamics of eruption using the experimental data on the effects

of volatilesa.
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